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ABSTRACT
This work represents a first look at the general spatial distribution of trace metals and the inorganic 
carbon system in the surface waters of Tampa Bay. Tampa Bay’s chemical environment bears many 
influences ranging from hydrological and geological to anthropogenic and meteorological. A large y-shaped 
estuary on the west-central side of the Florida Peninsula, Tampa Bay extends over 400 square miles and 
has a 2200 square mile watershed that includes extensive swamps, scrub, agricultural lands and densely 
urbanized areas. Reaching 37 miles from the northernmost point of Old Tampa Bay to the mouth of the 
estuary near the Sunshine Skyway Bridge, it is home to the largest port in Florida, and overall places 17th 
in the nation for tonnage. In addition to its ports, Tampa Bay supports the requirements of a broad range 
of industries including: ship building and repair, power generation, wastewater processing, development, 
and recreational and commercial fishing. The region experiences high rainfall during the summer and 
much reduced rainfall during the remaining portions of the year. The bay has a broad gradient of mixing 
intensities, with residence times ranging from 100+ days in Old Tampa Bay to less than 20 days at the mouth. 
Seventy-one percent of Tampa Bay’s freshwater input is delivered by four primary rivers: the Hillsborough, 
Alafia, Manatee and Little Manatee; and the region is strongly influenced by spring outflow from the 
Floridan Aquifer. The largest river, the Hillsborough, spans 54 miles from the Green Swamp to its mouth in 
Hillsborough Bay. 
Samples were collected over a two-week period in January of 2013 along 13 sites on the Hillsborough 
River and 26 stations in Tampa Bay. Metal concentration analyses were conducted on twelve elements 
using inductively coupled plasma mass spectrometry (ICP-MS). These twelve elements included sodium, 
lithium, magnesium, calcium, strontium, barium, vanadium, molybdenum, manganese, nickel, antimony, 
and uranium. Within Tampa Bay, sodium, lithium, and magnesium exhibited strongly conservative behavior 
(showing simple two-end-member mixing). Calcium, strontium, molybdenum, and uranium show quasi-
conservative behavior, with localized deviations from simple mixing of fresh water and seawater end 
members. The remaining elements showed variable behavior driven by solubility, redox reactions, and/
or unique localized inputs based on local geology. Comparisons of baywater calcium concentrations and 
the concentrations of lithium, magnesium, strontium and barium revealed simple relationships that are 
promising for use in interpretations of otolith chemistry of teleosts and some agnatha (Campana, 1999; 
Carlström, 1963). 
Samples were collected from both the river and the bay for CO2 system analyses. Spectrophometric 
viii
pH measurements were obtained using purified m-Cresol Purple (mCP) and the procedures of Liu et al. 
(2011). Dissolved inorganic carbon (DIC) was processed according to CDIAC’s Guide to Best Practices, SOP:2 
(Dickson, Sabine, & Christian, 2007). Total alkalinity samples were processed using the spectrophotometric 
procedures of Yao and Byrne (1998). Dissolved inorganic carbon in the bay ranged between 3500 µMol/L 
and 2250 µMol/L and, in the Hillsborough River, peaked at 3700 µMol/L just below the Green Swamp. A 
comparison of measured total alkalinity and calculated alkalinity (obtained using pH and DIC and CO2sys 
software) demonstrated the presence of substantial organic base concentrations within the bay.
1INTRODUCTION
Estuaries are highly complex ecosystems. Acting as the interface between terrestrial, freshwater, atmos-
pheric and marine environments, many factors influence the physics, chemistry and ecology of an estuary. 
Prior characterizations of Tampa Bay, and the work performed in this thesis, are fully consistent with this 
generalization. A broad, shallow, and y-shaped estuary (Figure 1), located on the western side of the state 
just south of the midway point of the Floridian peninsula, Tampa Bay extends over 400 square miles, with a 
watershed reaching approximately 2,200 square miles (TBEP 2006). Ranging thirty-seven miles from head to 
mouth with an average depth of four meters and a maximum depth of thirteen meters, it is the largest estu-
ary in the state of Florida. In total 16.1 percent of the Tampa Bay watershed is open water and 36.3 percent is 
wetland. Of the watershed’s dry land, 45.6 percent is developed and 54.4 percent is designated as agricultur-
al (Moreno Madriñán, Al-Hamdan, Rickman, & Ye, 2012). The bay is an important resource, both ecologically 
and economically. 
The bay represents an asset to the 
region of approximately $55 billion in 
trade, tourism, waterfront develop-
ment, and fishing (Yates & Greening 
2011; TBEP 2006). The western con-
tributor to Florida’s High Tech Corridor, 
the Tampa Bay area contains a third of 
the state’s manufacturing companies 
and has the fifth largest tech labor 
force in the United States (“The Port 
of St Petersburg,” 2013).  The bay is 
responsible for supporting a number 
of industries including shipbuilding 
and repair, commercial and recrea-
tional fishing, marinas, transportation, 
waterfront development, wastewater 
processing, condenser cooling for power plants, and a wide variety of tourism and support industries such as 
boat sales and beach activity (Fletcher, Vannatta, & Prior, 1986)
Figure 1: Tampa Bay (Yates & Greening, 2011).
2The Port of Tampa was ranked the largest port in Florida, the 22nd largest in the United States, and was 
responsible for 31.4 million tons of trade in 2011 (“Tonnage of Top 50 U.S. Water Ports,” 2013). However two 
other smaller ports are also located in Tampa Bay, the Port of St. Petersburg and Port Manatee, contributing 
an additional 8 million tons of trade (“Port Manatee Mission Statement,” 2014). Combined, this would place 
Tampa Bay as a whole 17th in the nation (“Tonnage of Top 50 U.S. Water Ports,” 2013; “The Port of St Peters-
burg,” 2013; “Port Manatee Mission Statement,” 2014). 
The Tampa Bay region is composed of four counties: Hillsborough, Pinellas, Pasco and Manatee (Figure 
2), and includes 5 major (population >100k) municipalities: Tampa, St Petersburg, Clearwater, Bradenton and 
Brandon. The geographic definition includes an estimated 4.3 million residents, with an estimated 1.8 million 
households in 2013 (“Tampa Bay Demographics”, 2013). While a significant portion of this population makes 
use of the bay in some manner, only portions of the counties are included in the bay’s watershed (Morrison 
Figure 2: Drainage basins of Tampa Bay (Morrison & Greening, 2011).
3& Yates, 2011). The bay itself is divided into 7 functional sections: Old Tampa Bay, Hillsborough Bay, Middle 
Tampa Bay, Lower Tampa Bay, Boca Ciega Bay, and Manatee River’s tidal reach. For the purposes of this study, 
the Manatee River and Boca Ciega Bay were not sampled. 
Regional Climate
Located in the sub-tropics, Tampa Bay has major annual cycles of wet and dry seasons. Sixty-percent of 
the region’s 50-55 inches of rainfall occur during the summer (Figure 3). The Bermuda-Azores High stabi-
lizes generalized weather patterns in the region leading predominately to localized summer storms. These 
microcells are created by daily heating over terrestrial surfaces leading to rising masses of air that pull cooler 
hydrated air in from over the Gulf of Mexico (Morrison & Yates, 2011). Tropical depressions also influence the 
region. However they are intermittent in occurrence, with the last one directly impacting the bay in 1921 
(Morrison & Yates 2011; “1921 Tarpon Springs Hurricane,” 2012). During the dry winter months, the Bermuda 
high moves southwards and the influence of synoptic cold fronts from the North American continent govern 
the meteorological system (Morrison & Yates, 2011). Rainfall drops from approximately 7-9 inches per month 
in the late summer to 2-3 inches in the fall and winter months resulting in drastically reduced flow of the riv-
ers (Figures 3 and 4). While ENSO events can significantly impact the region’s rainfall, 2013 was considered a 
neutral year (“ENSO Diagnostic Discussion Archive,” 2013). 
Figure 3: Monthly Average rainfall in Tampa Bay (Morrison & Greening, 2011).
4Hydrochemistry
Hydrochemistry in Tampa Bay is strongly influenced by the regional geology.  The primary fluvial water 
sources are directly fed from the Floridan Aquifer, drawing from the numerous springs in the region. Located 
in a neogene shelf just south of the Ocala platform, the bay dates to the Miocene in formation (Figure 5; 
Duncan, Locker, Brooks, Hine, & Doyle, 2003). Tampa Bay is unique in that it displays evidence of formation 
both from a drowned river valley and karst sinkhole collapse (Brooks & Doyle, 1998; Duncan et al., 2003; Hine 
et al., 2007). At the mouth of Tampa Bay, there is evidence of an in-filled shelf-valley created by fluvial incision 
(Duncan et al., 2003). Yet, the predominant geologic formation arises from the formation and slump of in 
filled seismic basements up to 100 m in depth (Duncan et al., 2003). 
The upper sedimentary layer in the bay is dominated by marine and terrigeneous sediment deposited 
by fluvial and long-shore currents. Terrigeneous clastic muds are dominant in Old Tampa Bay, Hillsborough 
Bay, Boca Ciega Bay and the Little Manatee River outflow delta. Reworked fluvial quartz-rich sands are 
predominant in the open water portion of Middle Tampa Bay, and recently-created carbonate rich sand 
is dominant in Lower Tampa Bay (Brooks & Doyle, 1998). Karst influences, integral to the formation of the 
bay, continue to affect the geohydrology of the region (Van Beynen & Townsend, 2005). Tampa Bay lies at 
the southern end of the Floridan Aquifer. One of the most productive aquifers in the world, it is estimated 
to contain 19,000 km3 of water (Miller, 1986). Soils remain relatively well-drained, and the confining unit is 
considered extremely porous, with clays often fractured or missing completely (Hancock & Smith, 1996). 
Thus, it is important to keep in mind that there is a high degree of mixing between upper and lower compo-
nents of the Floridan Aquifer as well as exchange with the surface. The sediment-water boundary acts as an 
important interface. Recharge and discharge of the Florida and coastal aquifers, and interstitial pore water all 
influence the chemistry of bay waters (Swarzenski, Baskaran, Henderson, & Yates, 2007).
Figure 4: Mean Monthly Discharge of Alafia, Little Manatee and Manatee Rivers (Morrison & Greening, 2011).
5In spite of the relatively porous state of the area’s natural soils, urbanization and rural development 
have increased the volume and speed of runoff (Xian, Crane, & Su, 2007; Xian & Crane, 2005). Accordingly, 
urbanization of agricultural land has been implicated in the increase of nutrient run off (Bennett, Carpenter, 
& Caraco, 2001). Nevertheless, overall turbidity has decreased due to the resulting reduction in exposed soils 
(Moreno Madriñán et al., 2012). Between 1996 and 2006, there were increases of 2.6% in developed land use 
coverage, 0.9% in bare land, and 0.6% in water cover (Figure 6). This was with decreases of 1.8% in agricultur-
al land, 1.1% in wetland, and 1.4% in scrubland (Moreno Madriñán et al., 2012). Of the portions sampled, Old 
Tampa Bay has the greatest percentage of urbanized catchment (Morrison & Greening, 2011), followed by 
Hillsborough Bay, Middle Tampa Bay and lastly Lower Tampa Bay (Morrison & Greening, 2011). Hillsborough 
Bay has the highest area of watershed dedicated to mining operations (Morrison & Greening, 2011). 
Figure 5: Stratigraphic layering of the Floirda shelf (Reese & Cunningham, 2013).
6Hydrology
Tampa Bay’s designation as a partially to well-mixed estuary understates the complexity of the system. It 
has a mixed diurnal/semi-diurnal micro tidal system with a range of approximately 0.5 - 1 meters (Weisberg 
& Zheng, 2006). Water level is largely controlled by these tidal cycles and remains quite stable (Weisberg & 
Zheng, 2006). The tidal prism is described as 24% semi-diurnal, 42% diurnal, and has 31% nontidal long-term 
influences such as weather and steric diffusion (Figure 7; Weisberg & Zheng, 2006). With the exception of the 
Figure 6: Tampa Bay Land Use Coverage Map (Moreno Madriñán et al., 2012). A) 1996, B) 2001 and C)2006.
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7mouth of the bay, tides do not drive mixing. Upper Tampa Bay mixing is predominately controlled by wind 
and gravitational forcing from riverine inflow (Weisberg & Zheng, 2006). Residence times in the upper bay 
reach 100 days, dropping to 60 - 80 days along the channels and 40 days in Middle Tampa Bay. Residence 
times further drop to 20 days or less in Lower Tampa Bay, below the Skyway Bridge (Zhu, Weisberg, Zheng, 
& Han, 2014b). The main shipping channel, which transits the east side of the bay from the main span of the 
Skyway Bridge through Middle Tampa Bay to Hillsborough Bay, demonstrates a 3-dimensional circulation 
driven by gravitational convection (Zhu, Weisberg, Zheng, & Han, 2014a; Zhu et al., 2014b). Winds associated 
with seasonal storms can increase convection and overall mixing (Zhu et al., 2014b). Net outflow and inflow 
from the Gulf of Mexico converge on the shipping channels (Zhu et al., 2014a, 2014b). 
The primary rivers contributing to Tampa Bay are the Hillsborough, Alafia, Manatee and Little Manatee 
Rivers. There are numerous smaller tributaries that contribute to the freshwater inflow of Tampa Bay (Mor-
rison & Greening, 2011; TBEP, 1996). Freshwater input averages between 1200 and 2200 million gallons per 
day (Morrison & Greening, 2011). Approximately 40% of this originates from meteoric or riverine inputs. Of 
the approximate 62 m3/s entering the bay, the Hillsborough accounts for 15 m3/s; the Alafia, 13 m3/s; the 
Manatee River, 10 m3/s; and lastly, the Little Manatee, 6 m3/s. The remaining 16 m3/s is distributed from small 
tributaries including storm water runoff drainage, and minor streams and springs (Lewis & Estevez, 1988; 
Weisberg & Zheng, 2006).
Figure 7: Example of tidal cycle through first week of sample period (Modified from: Flater, 2014). Low tide, 
moonrise and moonset times displayed. 
8Hillsborough River
The greatest water supply to the Bay, the Hillsborough River, encompasses 675 square miles of water-
shed (Morrison & Greening, 2011). Starting in the Green Swamp and emptying into the Hillsborough Bay 
in downtown Tampa, the river transits roughly 54 miles (Pillsbury, 2004). With numerous minor streams, 
significant tributaries include: Big Ditch Creek, Flint Creek, Indian Creek, New River, Two-hole Branch, Basset 
Branch, Hollomans Branch, Clay Gully, Trout Creek, Itchepackesassa Creek, Blackwater Creek, and Cypress 
Creek (Morrison & Greening, 2011). During the winter dry season, Blackwater Creek dries above the conflu-
ence with Itchepackesassa Creek, reducing it exclusively to the outflow from Itchepackesassa Creek (Mor-
rison & Greening, 2011; Trommer, Sacks, & Kuniansky, 2007). Cypress Creek, Crystal Springs and a sinkhole 
connected to the river near Trout Creek tie the river to the Floridan Aquifer system (Hancock & Smith, 1996; 
Morrison & Greening, 2011; Pillsbury, 2004; Trommer et al., 2007). As much as 85 - 100% of the Hillsborough 
River is derived from the aquifer during dry periods (Hancock & Smith, 1996; Trommer et al., 2007). 
The current Hillsborough River Dam, located approximately 2 km east of I-275 and ½ km south of East 
Busch Boulevard , was constructed in 1945 (Morrison & Greening, 2011). This moderates flow and provides 
water for the City of Tampa reservoir. In order to maintain a freshwater environment in the lower Hillsbor-
ough River during low flow periods, water is pumped from Sulphur Springs to a spillway at the base of 
the Hillsborough River Dam (Morrison & Greening 2011; S. Flannery, SWFWMD, personal communication, 
January 15, 2013). Sulphur Springs also discharges directly into the Hillsborough River 2.2 miles below the 
Hillsborough River Dam (Morrison & Greening, 2011).  The spring structures were modified in 2012 to al-
low changes in the elevation of the springhead (S. Flannery, SWFWMD, personal communication, January 
15, 2013). When the elevation is reduced, pressure on the spring decreases and there is a commensurate 
increase in flow from the aquifer (S. Flannery, SWFWMD, personal communication, January 15, 2013). By 
increasing flow, Sulphur Springs draws from more mineral-rich bore holes and the overall conductivity in-
creases (Figure 8). This practice is used in low flow periods to support fishery development by maintaining a 
transitional haline environment (E. Peebles, personal communication, November, 2013). 
Previous Chemical Analyses 
Hillsborough River
Pillsbury (2004) sampled the Hillsborough River for sodium, magnesium, potassium, calcium, chloride, 
fluoride, phosphate and nitrate at 13 stations. Her major findings indicated an overall trend of higher major 
analyte concentrations in the dry season. Calcium carbonate becomes undersaturated and pH decreases 
during the rainy season. The major ions show essentially stable concentrations in the upper and middle Hills-
borough River and increase by several orders of magnitude below the Hillsborough River Dam. Nitrate shows 
higher concentrations in the upper reaches of the river, dropping steadily towards the Hillsborough River 
Dam where it becomes undetectable (Pillsbury, 2004). Phosphate shows a peak concentration on Blackwa-
9ter Creek (14 µM) that does not significantly affect concentrations on the Hillsborough River, which remain 
around 5 µM (Pillsbury, 2004).
Tampa Bay
Work with sediments by Brooks & Doyle (1998) and Zarbock et al. (1995) demonstrated a pattern of 
increased metal contamination in Old Tampa Bay, Hillsborough Bay, Boca Ciega Bay, and western Middle 
Tampa Bay. This is likely a function of the high urbanization in these watersheds coupled with the long resi-
dence times described in the hydrology section.
Work by Carr et al. (1996) demonstrated a strong influence of contaminants in the toxicity of sediment 
pore waters to sea urchin larva, yet not to amphipods. The toxicity of samples collected in Tampa Bay was 
strongly correlated with the presence of trace metals in addition to pesticides, polychlorinated biphenyl con-
geners, polycyclic aromatic hydrocarbons and ammonia (Carr et al., 1996). This study by Carr et al. (1996) pro-
vided the first spatial assessment of a broad spectrum of trace metal concentrations in Tampa Bay. However, 
the study was restricted to pore waters, not surface waters. While this is relevant to determining the behavior 
of trace metals in the complex reactive zone of estuaries, interstitial fluid chemistries are quite distinct from 
the chemistries of overlying oxygenated surface waters. 
This thesis represents the first general study of trace metal distributions in the waters of Tampa Bay. 
As such, for many elements this work represents a first glimpse into surface water chemical distributions 
Figure 8: Sulphur Springs conductance and water level versus date (Flannery, 2014). The pink line represents 
the date of collection on the Lower Hillsborough River. 
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throughout the bay, and the extent to which these distributions are related to the concentrations of trace 
elements in both seawater and the largest river that flows into Tampa Bay. 
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METHODS
Sample Site Selection
Sample sites (Figure 9) were determined by several criteria. Primary selection was made by the use of 
predetermined stations from previous or ongoing studies (B. Goetting, personal communication, July 12, 
2012; Pillsbury, 2004). Tampa Bay stations were selected from sites chosen by the Hillsborough County En-
vironmental Protection Commission (B. Goetting, personal communication, July 12, 2012). Two additional 
sites were added in Bayboro Harbor and the Palm River. Hillsborough River stations were chosen based on 
previous site locations chosen by Lori Pillsbury. Three sites were moved due to port security boundaries or 
an inability to obtain permission to transit private property. In these instances, the site was moved as little as 
possible. All collections were made from January 16th to 26th, 2013. A full list of site locations, dates of col-
lection, and metadata is available in Appendix A. 
Figure 9: Sample Locations on the Hillsborough River and Tampa Bay.
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Trace Metals
Collection Procedures
Samples were collected in 125 mL and 250 mL HDPE Nalgene® bottles. Each bottle was cleaned by soak-
ing for one week with Micro-90 cleaning solution. They were then scrubbed, rinsed and soaked for one week 
in 4 M HCl acid baths. Upon removal, bottles were placed in a clean plastic bag and transported to a Class 
100 clean room. Each bottle was triple rinsed with Milli-Q ultra-pure water and placed upon a laminar flow 
bench to dry. Once dry, the bottles were placed as sample pairs in new clean plastic bags. 
Collections in Tampa Bay were made from the bow of a 12-foot John boat while motoring forward at idle 
speed. All collections were made within 300 feet of the sample station. On the Hillsborough River, samples 
were collected in the primary flow of the river and upstream of any docks or bridges.
When sampling, nitrile gloves were donned before removing bottles from the bag. The bottles were 
then immersed 6-10 inches below the surface before they were (a) uncapped and filled and then (b) re-
capped and emptied downstream from the point of collection. This was repeated three times before each 
bottle was filled and stored in the original bag (Landing & Lewis, 1987). 
Laboratory Analysis
At the conclusion of each day of field collection, samples were returned to the lab for filtration and pres-
ervation. Millipore 0.22 µm pore-size filters were used in an all-glass 47 mm vacuum filtration system. Filtrate 
was collected in 15-mL centrifuge tubes by suspending them with monofilament line within the filtration 
vacuum chamber. Each centrifuge tube was dosed with 30 µl of concentrated nitric acid before sealing to 
prevent metal loss through sorption on the walls of the centrifuge tubes. Before filtering, the glass filter 
housing was cleaned in the same manner as the collection bottles. Between filtering each sample, the glass 
filter housing was triple-rinsed with 5 ml of 4 M HCl and then rinsed with Milli-Q water. 
Samples were prepared for analysis by spiking a 250 µL aliquot of sample with an internal standard and 
diluting to 5 mL with Milli-Q water. Prepared samples were analyzed with an Agilent 7500cx inductively cou-
pled plasma mass spectrometer (ICP-MS) equipped with an octopole reaction system in both helium and 
no-gas modes. Samples were introduced into the ICP-MS via Tygon tubing using an ASX-500 autosampler. 
The liquid was aerosolized with a concentric micromist nebulizer and passed through a peltier cooled (2°C) 
double-pass quartz spray chamber.  A 1.0 ppb lithium, yttrium, thallium, cerium and cobalt solution in 2% 
nitric acid was used for tuning in no-gas mode. For helium gas mode tuning, 1.0 ppb cobalt in 2% HNO3 and 
1% HCl was used. A 2% nitric acid solution was used to rinse between samples. A calibration curve was made 
using 5 standards and a blank. 
Samples were analyzed in quantitative mode for lithium, sodium, magnesium, aluminum, calcium, va-
nadium, chromium, manganese, iron, cobalt, nickel, copper, zinc, strontium, molybdenum, cadmium, tin, 
antimony, barium, cerium, lead, and uranium. All elements except for sodium and magnesium were analyzed 
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together using an internal standard comprised of 50.0 ppb scandium and germanium and 10.0 ppb indium 
and bismuth. Due to their high concentrations, sodium and magnesium were analyzed separately with a 50.0 
ppb scandium internal standard.
 
Data Analysis
Out of the eighteen metals measured, twelve had concentrations that were well above detection limits. 
Elements were organized according to their group in the periodic table. Copper, cadmium, aluminum, ceri-
um, lead and chromium concentrations were either below detection levels or not display detectable concen-
trations in both samples and are not included in our analysis. However, the values are included in Appendix 
C.  
Sample measurements below detection limits, including negative concentrations, were considered to be 
zero concentrations. Samples above detection thresholds (Appendix B) were corrected by blank subtraction. 
Due to order of magnitude scaling differences, samples above the Hillsborough River Dam (stations 1 – 
10) are displayed on separate graphs from the rest of Tampa Bay. However, in order to display continuity, the 
average value of Hillsborough River stations 7 – 10 are plotted as an “X” on Tampa Bay graphs. Additionally, 
standard pelagic values are plotted as a star on Tampa Bay graphs in order to reference expected values. 
Where available, a range is plotted. For the Hillsborough River graphs, each site is represented by (a) the two 
sample concentrations measured and (b) a line graph that depicts the average. This line graph of averages 
does not include samples on tributaries (stations 2 and 6). See Appendix C for tables of values and averages. 
Salinity Calculation
Due to the scatter of the YSI ctd results and the highly conservative nature of sodium, salinity measure-
ments are made by proxy calculation from sodium concentrations. The relationship between salinity and 
sodium concentrations expressed as Mol/L is given by S = 72.874[Na]. The more exact relationship between 
salinity and sodium concentrations expressed in volumetric units is given in Appendix D. 
Carbon System
Collection Procedures
At each sample site, two samples were collected in clear glass 500-mL gas-tight bottles immediately 
following trace metal sample collection. These were triple rinsed before filling and subsequently poisoned 
with 0.2 mL mercuric chloride saturated solution. The bottle cap was then coated with a thin layer of silicone 
vacuum grease, seated firmly on the bottle with a ¼ twist and capped with a plastic “lid-keeper”. 
Two pH samples were then collected in 10-cm quartz flow through optical cells (Dickson et al., 2007). 
Contrary to the standard operating procedure, they were collected directly from below the surface as a sam-
pling bottle was not needed to access the surface waters. Air bubbles were removed by reorienting the cell 
and tapping the cell underwater. 
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Laboratory Analysis
Dissolved inorganic carbon samples were processed using the standard procedure outlined in the Car-
bon Dioxide Information Analysis Center’s Guide to Best Practices, Standard Operating Procedure Two (Dick-
son et al., 2007). Samples were introduced to the reaction cell volumetrically with an automated induction 
system. This used approximately 200 mL of the sample. The remaining solution was transferred into clean 
plastic bottles for storage. These stored samples were analyzed for total alkalinity using standard procedures 
described by Yao and Byrne (1998). However, the spectrophotometric titration was controlled by an auto-
mated acid delivery system (Liu & Byrne, in preparation).
The pH optical cells were externally rinsed with deionized water, dried, and placed in a custom-engi-
neered cell warmer where they were equilibrated at 25ºC for 20 minutes. These were evaluated by spectro-
photometric analysis at 25ºC using purified m-Cresol Purple indicator dye (Liu, Patsavas, & Byrne, 2011). 
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RESULTS AND DISCUSSION
Trace Metals 
Comparative Concentrations and Distributions 
Sodium (Na)
Sodium concentrations in Tampa Bay are expected to accurately depict the distribution of salinity in the 
bay. This expectation is strongly supported by the high degree of correlation between sodium and other ions 
that typically exhibit highly conservative behaviour in seawater (i.e., Li+ and Mg2+). Since the sodium concen-
trations measured in this study were determined with a much higher degree of precision and accuracy than 
was afforded by the in situ YSI salinometer probe used in this work, the relationship between YSI salinity and 
sodium concentrations could not be used as a reliable diagnostic tool to assess potential deviations between 
the expected direct proportionality between salinity and sodium concentrations.
Sodium concentrations along the Hillsborough River display significant variability, with an average of 
0.08 mMol/L (Figure 10). The upper bound on the river is 0.23 mMol/L. Blackwater Creek (station 2) is elevat-
ed at 0.42 mMol/L. During the watershed’s dry season, the flow of Blackwater Creek is generally low com-
pared to spring-fed portions of the Hillsborough River, whereby only minor contributions from this tributary 
are expected. With an average value of 0.08 mMol/L, the sodium concentration of Trout Creek (station 6) is 
closely comparable to the average sodium concentration in the river.
Sodium and chloride ions have extremely long residence times in seawater; 70 and 100 Ma, respectively 
(Bruland, 1983). As evidenced by long residence times, these major seawater constituents have sufficiently 
low reactivities that it is appropriate to use sodium as a proxy for salinity. Thus, while all trace element con-
centrations in Tampa Bay were related directly to the concentrations of sodium in the plots shown below, sa-
linity is displayed, along with sodium, on the abscissa of the plots and the concentrations of other elements 
are plotted on the ordinate. The descriptions of the elements in the Hillsborough River and Tampa Bay that 
follow are generally arranged according to their positions in the periodic table. 
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Figure 10: Upper and Middle Hillsborough River sodium concentrations versus station (T=25°C).
Lithium (Li)
Lithium concentrations in Tampa Bay behave conservatively with respect to salinity. A regression (Figure 
11) of lithium concentrations against sodium concentrations in Tampa Bay stations below the Hillsborough 
River Dam is highly linear (R2= 0.970). This is broadly consistent with the expected behavior of lithium in sea-
water. Lithium is a conservative constituent of seawater and has an oceanic residence time of approximately 
3 Ma (Bruland, 1983; Stoffyn-egli & Mackenzie, 1984). The principal chemical form of lithium in seawater and 
fresh waters is expected to be the free hydrated ion, Li+. 
The [Li]/[Na] ratio (mMol/Mol) shown in Figure 11 (54.9 x 10-3) is 7% above the expected ratio, 51.4 x 
10-3 mMol/Mol, for seawater (Bruland, 1983). Projecting a seawater S = 35 value using these results gives a 
concentration of 25.9 µMol/L. This is 3.6% above the expected seawater concentration of 25 µMol/L (Millero, 
Feistel, Wright, & McDougall, 2008).
Lithium levels along the Hillsborough River are broadly constant at 0.111 ± 0.005 µMol/L (Figure 12). Sta-
tion 2 on Blackwater Creek exhibits an elevated concentration of 0.239 µMol/L, and station 3, downstream 
of the confluence with Blackwater Creek, has the maximum concentration on the river (0.156 µMol/L). Trout 
Creek (station 6) is elevated relative to the closest stations on the Hillsborough River (0.158 µMol/L), but does 
not contribute substantially as concentrations drop to 0.082 µMol/L by station 7. Global rivers display highly 
variable lithium concentrations, ranging from 33 nMol/L in the Amazonian Rio Negro to 3.35 µMol/L in the 
Siberian Biryuk River (Huh, Chan, Zhang, & Edmond, 1998). The average Hillsborough River lithium concen-
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Figure 11: Lithium concentrations versus sodium concentrations and salinity in Tampa Bay and Lower Hills-
borough River (T=25°C). Salinity in this figure and all subsequent figures calculated by proxy from sodium 
concentration according to the formula described in Appendix D. Inner dashed lines represent the error of 
the linear regression outer dashed lines are the 95% confidence interval.
tration is approximately 30% of the global average, 0.36 µMol/L (Martin & Meybeck, 1979).
Magnesium (Mg)
Magnesium concentrations in seawater are highly conservative (Bruland, 1983; Byrne, 2002). As such, 
magnesium concentrations in seawater are directly proportional to the concentrations of other elements 
with long residence times and are directly proportional to salinity. A linear regression of magnesium vs. so-
dium for concentrations in the Lower Hillsborough River and Tampa Bay provides an R2 of 1.000 (Figure 13). 
The slope of magnesium concentrations plotted against sodium concentrations, 0.113 ± (2.9 x 10-4), is in 
excellent agreement with the expected Mg/Na ratio of seawater, 0.1126 (Millero et al., 2008). The projected 
concentration of magnesium at S = 35 is 54.30 mMol/L, 0.80% below the average concentration of 54.74 
mMol/L (Millero et al., 2008). The intercept value, -0.0046 ± 0.095, is statistically indistinguishable from zero, 
and is consistent with the low average magnesium concentration of the Hillsborough River. Magnesium dis-
plays low reactivity and a long residence time in seawater, 14 Ma (Bruland, 1983). As was the case for lithium, 
the principal form of magnesium in seawater is a free hydrated ion (Mg2+). The behaviour of magnesium 
throughout the bay is well explained by single end member mixing of Mg-enriched seawater and a low-
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Figure 12: Upper and Middle Hillsborough River lithium concentrations versus station (T=25°C).
Figure 13: Magnesium concentration versus sodium concentration and salinity in Tampa Bay and the Lower 
Hillsborough River (T=25°C). 
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Figure 14: Upper and Middle Hillsborough River magnesium concentrations versus station (T=25°C).
magnesium freshwater end member (Figure 13). 
Magnesium concentrations are substantially constant throughout the Hillsborough River system (Figure 
14). At station 1 the magnesium concentration is 0.140 mMol/L. By station 3, the concentration rises slightly 
to 0.161 mMol/L and remains near an average of 0.153 mMol/L for stations 4 - 10. Below the Hillsborough 
River Dam, mixing with bay water raises the magnesium concentration at station 11 by more than an order 
of magnitude. Both Blackwater Creek and Trout Creek display elevated levels of magnesium but do not ap-
pear to significantly influence the river system as a whole. The nearly constant concentration of magnesium 
on the Hillsborough River, 0.153 mMol/L, is 2% below the global river average of 0.156 mMol/L (Martin & 
Meybeck, 1979).
Calcium (Ca)
With a residence time between 0.9 and 1.04 Ma and many biological influences, calcium is not typically 
considered to be a truly conservative element (Bruland, 1983). Instead, calcium in seawater is generally con-
sidered to be quasi-conservative. A linear regression of Tampa Bay samples for salinities between 17 and 35 
exhibits a slope of 0.018 ± (4.43 x 10-4) and a y-intercept of 1.628 ± 0.155 mMol/L (Figure 15). The calcium to 
sodium ratio in seawater is 0.021 (Millero et al., 2008), 18% higher than the regression slope. The relatively 
low slope of the Ca/Na regression is likely attributable to the high concentrations of calcium in the freshwa-
ter end member. The projected concentration of calcium at S = 35, based on this regression (10.47 mMol/L), 
is in good agreement with the expected seawater concentration (10.52 mMol/L). The intercept value in Fig-
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Figure 15: Calcium versus sodium concentrations and salinity in Tampa Bay and the Lower Hillsborough 
River (T=25°C). Old Tampa Bay site 17 and Lower Hillsborough River sites 11-13 are not included in the re-
gression. 
Figure 16: Upper and Middle Hillsborough River Calcium Concentrations versus station (T=25°C).
Old Tampa Bay Site 17
21
ure 15 is in good general agreement with the average calcium concentration for stations 7-10 on the river 
(1.35 mMol/L). As was the case for magnesium, the speciation of calcium in seawater is dominated by free 
hydrated ions (Ca2+). 
Lower Hillsborough River sites and Old Tampa Bay station 17, shown respectively as filled squares and 
octagons in Figure 15, were not included in the regression. Old Tampa Bay station 17 is located in a man-
grove-lined culvert next to the St. Petersburg-Clearwater airport and is unlikely to contribute significantly 
to Tampa Bay’s hydrological system as a whole. The primary deviations observed in the Lower Hillsborough 
River sites demonstrate the influence of Sulphur Springs discharge rather than a biological influence (S. Flan-
nery, SWFWMD, personal communication, January 15, 2013). Florida is comprised of a large calcium carbon-
ate platform, and elevated calcium levels are likely due to weathering and calcium carbonate dissolution in 
the Floridan Aquifer. Karst hydrogeology strongly influences western Florida water systems through the in-
fluence of both terrestrial and submarine spring water discharge (Kroeger, Swarzenski, Greenwood, & Reich, 
2007). 
Just below the Green Swamp, the Hillsborough River calcium concentration is 1.668 mMol/L (station 1 in 
Figure 16). This drops to 1.276 mMol/L by station 4 and remains around 1.350 mMol/L until the Hillsborough 
River Dam. Below this dam, calcium concentrations sharply rise to 4.34 mMol/L or greater (Figure 15) due, in 
part, to the influence of Sulphur Springs (S. Flannery, SWFWMD, personal communication, January 15, 2013). 
The average calcium concentration on the river, 1.409 mMol/L, is 3.9 times the global riverine average of 
0.364 mMol/L (Martin & Meybeck, 1979). The tributaries of the Hillsborough River, Blackwater Creek (station 
2) and Trout Creek (station 6), show concentrations that deviate slightly from the average, 1.162 mMol/L and 
1.575 mMol/L, respectively (Figure 16). However, these tributaries appear to have minor impacts on the over-
all concentrations in the river.
Strontium (Sr)
Strontium concentrations behave quasi-conservatively in Tampa Bay. A linear regression (Figure 17) of 
data between salinities 15 through 35 displays strong linearity (R2 = 0.971) and a slope of 0.194 ± 0.005. This 
is within the 95% confidence interval of the ratio calculated from observations of strontium concentrations 
in seawater, 0.193 (Millero et al., 2008). The projected strontium value at S = 35 reflects a seawater end mem-
ber of 95.28 µMol/L, only 1.4% above the expected average of 94 µMol/L (Millero et al., 2008). The 95% confi-
dence limit for the y-intercept does not include the origin, but is quite consistent with the average strontium 
levels for Hillsborough River stations 7-10. Strontium displays a moderately long residence time of 4 Ma; 
however, due to bioutilization by plankton, it can display localized variability (Bruland, 1983). Strontium in 
seawater and freshwaters is dominantly present as free hydrated ions (Sr2+).
Strontium concentrations in the Hillsborough River rise sharply from 1.76 to 3.68 µMol/L between sta-
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Figure 18: Upper and Middle Hillsborough River Strontium concentrations versus station (T=25°C).
Figure 17: Strontium  versus sodium concentrations and salinity in Tampa Bay and the Lower Hillsborough 
River (S=25ºC). Lower Hillsborough River sites 11-13 are not included in the regression.
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tions 1 and 3 (Figure 18). Blackwater Creek (station 2) shows a lower concentration, 1.29 µMol/L, and there-
fore does not contribute to this increase. The strontium concentration drops to 2.82 µMol/L by station 4 and 
remains approximately constant at 3 µMol/L. Below the Hillsborough River Dam, strontium concentrations 
sharply increase. Trout Creek (station 6) has elevated levels (4.40 µMol/L), but does not appear to contribute 
significantly to the Hillsborough River system. Overall, the Hillsborough River displays an average strontium 
concentration of 2.97 µMol/L, 4.4 times the global riverine average of 0.68 µMol/L (Martin & Meybeck, 1979). 
Barium (Ba)
As can be seen in Figure 19, barium concentrations steadily decline with increasing salinity in Tampa 
Bay. Barium has a concentration maximum, 180.3 nMol/L, at station 11 (S = 3.55) on the Hillsborough River 
and then declines with increasing salinity to values consistent with the range of concentrations expected for 
S = 35 seawater [32-150 nMol/L] (Bruland, 1983). The intercept concentration of barium in Figure 19 (190.9 
nMol/L) is over four times higher than the Hillsborough River average for stations 7-10 (46.9 nMol/L). Consist-
ent with the barium concentrations in Figure 19, concentration maxima are typically observed at salinities 
below S = 15 in estuarine studies (Chan, Drummond, Edmond, & Grant, 1977; Coffey et al., 1997; Hanor & 
Chan, 1977; Li & Chan, 1979; Stecher & Kogut, 1999). Additionally, Carroll et al. (1993) demonstrated that, in 
low flow periods, the continued desorption of barium from clay sediments in a river bed can create higher 
peaks than would be expected given the low SPM (suspended particulate matter) load during these periods. 
The speciation of barium in seawater and freshwater, like other Group 2 elements, is dominated by free hy-
drated ions (i.e., Ba2+).
Barium concentrations on the Hillsborough River between stations 1-4 and stations 7-10, are nearly con-
stant (Figure 20). The origin of the unusually elevated barium concentrations at stations 5 and 6 is unknown. 
The average barium concentration for stations 1-4 and 7-10, 48.3 nMol/L, is about 37% greater than the 
global average of 43.7 nMol/L (Martin & Meybeck, 1979). The remarkable general constancy of barium on the 
river is suggestive of geochemical controls such as a solubility limitation. However, barium concentrations 
did not reach the solubility limit at any location in the bay nor, apparently, in the river. Descriptions of the 
solubility behaviour of barium are included in Appendix F. 
The Hillsborough River outputs approximately 4.3 m3/s from October 28th to April 19th (Munson, Kelly, 
Morales, & Leeper, 2007). The samples in this study were obtained during the period of lowest flow of the hy-
drological year (Introduction: Figures 3 and 4). Low flow rivers carry sediments farther into the salinity gradi-
ent than high flow rivers before desorption occurs. This creates a barium concentration maximum at higher 
salinities (Coffey et al., 1997). This is most directly comparable to the Maurice River (5 m3/s) in Delaware Bay 
(Coffey et al., 1997; Stecher & Kogut, 1999), which also has a concentration peak located at salinities between 
5 and 6.
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Figure 19: Barium versus sodium concentrations and salinity in Tampa Bay and the Lower Hillsborough River 
(T=25).
Figure 20: Upper and Middle Hillsborough River barium concentrations versus station (T=25ºC).
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Vanadium (V)t
Vanadium has an average concentration of 41.6 ± 7.34 nMol/L in Tampa Bay (Figure 21). With an upper 
bound concentration of 53 nMol/L and a lower bound of 33 nMol/L, vanadium concentrations are nearly 
independent of salinity. Seawater concentrations of vanadium can range from 20 nMol/L in surface waters to 
45 nMol/L at depth (Collier, 1984). In oxidizing environments, including most ocean waters and the shallow 
waters of Tampa Bay, VV is the thermodynamically stable redox form. The likely chemical forms (species) of 
this group 5 element, in both seawater and freshwater, are oxyanions such as VO3(OH)
2-, VO4
3- and VO2(OH)
2- 
(Byrne, 2002). In mildly reducing environments VIV is the dominant form, likely as the VO2+ ion, and in strongly 
reducing environments VIII is the dominant redox state, likely as strongly hydrolyzed V3+ species (Byrne, 2002; 
Shiller & Mao, 1999; D. Wang & Sañudo Wilhelmy, 2009)
Vanadium exhibits a small concentration maximum on the Hillsborough River (55 nMol/L) at station 3 
(Figure 22). At other stations on the river, concentrations range between approximately 40 nMol/L at station 
1 to values on the order of 30 nMol/L between stations 7-10. Blackwater Creek (station 2) mixes with the 
Hillsborough River above station 3 with levels that are below those in the main river system (~23 nMol/L). 
This appears to have minimal influence on downstream concentrations of vanadium. The vanadium concen-
Figure 21: Vanadium versus sodium concentrations and salinity in Tampa Bay and the Lower Hillsborough 
River (T=25ºC).
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Figure 22: Upper and Middle Hillsborough River vanadium concentrations (T=25°C).
tration in Trout Creek (station 6) was consistent with levels in the river itself. The average vanadium concen-
tration for stations 7–10 (28 nMol/L) is 60% above the global river average of 19.6 nMol/L (Martin & Meybeck, 
1979). 
Molybdenum (Mo)
Molybdenum concentrations in Tampa Bay are strongly dependent on salinity. The linear regression 
shown in Figure 23 has a slope of 0.165 ± 0.014 (R2 = 0.724) and an intercept of 22.985 ± 4.559 nMol/L. The 
intercept is within the 90% confidence interval of the average molybdenum concentrations of Hillsborough 
River stations 7-10 (29.8 ± 0.8 nMol/L). The projected molybdenum concentration at S = 35, 102.3 nMol/L, is 
8.8% lower than the accepted global average of 112.2 nMol/L (A W Morris, 1975), but is within the 90% confi-
dence interval of the Figure 23 regression.  
Molybdenum, a group 6 element, exists in the ocean in two main oxidation states, MoIV and MoVI (Em-
erson & Huested, 1991). Under the oxidizing conditions that are expected in the shallow (well oxygenated) 
waters of Tampa Bay, the dominant redox form of molybdenum (MoVI) should exist principally as an oxyanion 
(MoO4
2-) and exhibit substantially conservative behaviour (Byrne, 2002). The molybdenum concentration 
behaviour shown in Figure 23 is consistent with simple mixing between a fresh water end-member and a 
seawater end-member with a concentration that is closely consistent with what is expected for seawater at S 
= 35.
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Figure 23: Molybdenum versus sodium concentrations and salinity in Tampa Bay and the Lower Hillsbor-
ough River (T=25°C). One sample from Lower Tampa Bay is not plotted, but is included in the data tables 
Appendix C.
Figure 24: Upper and Middle Hillsborough River molybdenum concentrations versus station (T=25°C).
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The molybdenum concentration below the Green Swamp (station 1) on the Hillsborough River is 67.6 
nMol/L (Figure 24). This drops sharply to 34.3 nMol/L by station 4. The low molybdenum concentration of 
Blackwater Creek (station 2), 16.0 nMol/L, and the elevated concentration in Trout Creek (station 6), 53.8 
nMol/L, show that molybdenum concentrations in the Tampa Bay watershed can be quite variable. With the 
exception of station 5, molybdenum concentrations between stations 4 and 10 are nearly constant. All mo-
lybdenum concentrations in the river and its tributaries are highly elevated compared to the global average 
of 5.2 nMol/L (Martin & Meybeck, 1979). The lowest molybdenum concentration in the Hillsborough River 
system is 3.1 times the global average. Upper and Middle Hillsborough River concentrations average 40.1 
nMol/L, which is 7.7 times the global average (Martin & Meybeck, 1979). 
Manganese (Mn)
As was the case for barium, manganese concentrations decline substantially with increasing salinity in 
Tampa Bay (Figure 25). Maximum concentrations (~280 nMol/L) are observed at stations 11 and 12 in the 
Lower Hillsborough River. These concentrations are nearly three times larger than the average manganese 
concentration at station 10 (103 nMol/L) above the Hillsborough River Dam. Manganese concentrations in 
Middle Tampa Bay range between 10 nMol/L and values near zero (i.e., at instrumental detection limits). 
Concentrations in Lower Tampa Bay range between 9 and 15 nMol/L. The processes that underlie the distri-
butions of manganese in Tampa Bay are expected to be distinct from those that control the distributions of 
barium.
Manganese, a group 7 element, is highly redox active (Byrne, 2002). As MnII, manganese exists as free 
hydrated ions (Mn2+) that are somewhat more strongly complexed than the free hydrated ions in group 2. 
Manganese is also present in oxidizing environments as MnIV. In this oxidation state manganese is highly 
insoluble and, as particulate MnO2(S) does not contribute to the dissolved manganese concentrations that 
are depicted in Figures 25 and 26. The overall pattern of observations in Tampa Bay, decreasing concentra-
tions with increasing salinity, indicates that high levels of dissolved MnII in the upper bay steadily decline as a 
result of dilution and perhaps oxidation of MnII to insoluble MnO2 (Byrne, 2002). After MnO2 precipitates are 
delivered to Tampa Bay’s organic rich sediments, they can become reduced, resulting in benthic inputs (dif-
fusion of Mn2+) back into the overlying water column. With the mechanical action of tidal movements, wave 
action, and boat traffic, MnII-rich sediments can be resuspended, releasing dissolved manganese to the water 
column and resulting in disorganized recycled concentration peaks (Hatje, Apte, Hales, & Birch, 2003; Hatje, 
Birch, & Hill, 2001; Sundby & Silverberg, 1981; Yeats, 1992). The observed low-salinity manganese maximum 
in Tampa Bay is consistent with observations of manganese in the River Tamar Estuary, England; Sydney Har-
bor, Australia; and Port Jackson Estuary, Australia (Hatje et al., 2003, 2001; Morris, Bale, & Howland, 1982). 
Manganese concentrations on the Hillsborough River are highly variable (Figure 26), and Hillsborough 
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Figure 25: Manganese versus sodium concentrations and salinity in Tampa Bay and the Lower Hillsborough 
River (T=25ºC).
Figure 26: Upper and Middle Hillsborough River manganese concentrations versus station (T=25ºC)
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River tributaries have both higher (Trout Creek, station 6: 255 nMol/L) and lower (Blackwater Creek, station 
2: 121 nMol/L) concentrations than are observed on the river itself. Manganese concentrations decline be-
tween stations 1 and 3, increase between stations 3 and 9, and then decline to approximately 100 nMol/L 
at station 10. It is likely that there are numerous sources for manganese along the river including submarine 
groundwater discharge and remobilization linked to redox reactions in the sediments. The average Hillsbor-
ough River concentration (all stations), 145 nMol/L, is 2.9% above the global average of 149.3 nMol/L (Martin 
& Meybeck, 1979). 
Nickel (Ni)
Nickel levels are low in Tampa Bay, and consequently it is only possible to make general statements con-
cerning their distributions. Throughout Tampa Bay, concentrations are generally independent of salinity and 
average 8.7 ± 4.3 nMol/L (Figure 27). This average is consistent with concentrations in the Hillsborough River, 
and is in agreement with the observed range of concentrations in both seawater, 3.4 - 11.9 nMol/L (Chau & 
Kulikovsky-Cordeiro, 1995) and freshwater, 0.1 - 170.4 nMol/L (Chau & Kulikovsky-Cordeiro, 1995).
Figure 27: Nickel versus sodium concentrations in Tampa Bay and the Lower Hillsborough River (T=25ºC).
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Figure 28: Upper and Middle Hillsborough River nickel concentrations versus station (T=25ºC).
Nickel, a group 10 element, is present in marine waters almost exclusively in the form of NiII. In this redox 
state nickel exists as hydrated Ni2+ ions and complexes with Cl- and SO42- (Pyle & Couture, 2012). However, 
in seawater, estuaries and freshwater systems, nickel can be very strongly complexed with organic ligands 
(Byrne, 2002; Pyle & Couture, 2012). Particle sorption and desorption can also influence the distributions and 
behaviour of nickel in particle-rich systems such as Tampa Bay. Turner, Nimmo, and Thuresson (1998) dem-
onstrated that while pH, salinity and particle abundance all affect free nickel concentrations in the Beaulieu 
River Estuary (U.K.), the primary influence was the presence of dissolved organic ligands.
Nickel has an average concentration of 6.0 ± 2.7 nMol/L for all stations on the Hillsborough River (Fig-
ure 28). This is approximately one sixth of the global river average of 37.5 nMol/L (Martin & Meybeck, 1979). 
Nickel concentrations in Blackwater Creek and Trout Creek are slightly elevated relative to the river average. 
Nickel is a highly bioactive element. All observed concentrations shown in Figures 27 and 28 are well below 
the level that could cause chronic toxicity in freshwater (224 nMol/L) and seawater (141 nMol/L) (Pyle & Cou-
ture, 2012). 
Antimony (Sb)
Antimony concentrations in Tampa Bay exhibit a small mid-estuary maximum (Figure 29). Peak concen-
trations occur in Hillsborough Bay near a salinity of 25. On the Lower Hillsborough River, antimony concen-
trations increase from approximately 0.2 nMol/L at S ~ 4 to 1.0 nMol/L at S ~ 15. Antimony concentrations 
for salinities above 15 range between ~1.0 and 1.7 nMol/L, and are broadly consistent with the range of 
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Figure 29: Antimony versus sodium concentrations and salinity in Tampa Bay and the Lower Hillsborough 
River (T=25ºC).
Figure 30: Upper and Middle Hillsborough river antimony concentrations versus station (T=25ºC).
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values reported for S = 35 seawater. This range of concentrations for S > 13 (1.0 - 1.7 nMol/L) is in fair agree-
ment with the global estuarine average of 1.51 nMol/L reported by Filella, Belzile, & Chen (2002a). Galveston 
Bay, Sabine Lake, and Corpus Christi Bay, three sub-tropical estuaries located in Texas on the Gulf of Mexico, 
display mid-estuarine peak antimony concentration maxima ranging from 1.7 nMol/L to a maximum of 3.9 
nMol/L (Stordal, 1996). 
Estuarine antimony distributions can be highly variable (Byrd, 1990). The river estuaries of St Mary (FL, 
USA), Satillo (GA, USA) and Medway (NS, Canada) all exhibit near conservative mixing patterns. The Savanah 
River (GA, USA) displays a mid-estuarine peak of approximately 1.7 nMol/L at a salinity of 9. The Geum, a 
large Korean tidal flat estuary, displays antimony concentrations that rise sharply around a salinity of 15 to a 
concentration of 4 nMol/L (Byrd, 1990). 
Antimony has not been well studied in river systems. The Tama (Japan) and Tan Shui Rivers (Taiwan) 
display the influence of pollution with peaks on the order of 9 and 5 nMol/L (Byrd, 1990). In the Upper and 
Middle Hillsborough River system antimony shows substantial variability, ranging from 0.67 nMol/L to values 
at the instrumental limit of detection (Figure 30). The observed variability is likely governed in part by source 
rock, anthropogenic input, and redox conditions (Filella, Belzile, & Chen, 2002b). It is also notable that the 
results shown in Figure 30 exhibit a lower degree of reproducibility than is the case for most of the other ele-
ments in this study. Perhaps the most interesting observation in the Hillsborough River data is the very high 
value (3.3 nMol/L) observed in Crystal Springs legacy data provided by Flannery, (SWFWMD, personal com-
munication, January 15, 2014). This value does not appear to be consistent with the overall range of concen-
trations shown in Figure 30.
Antimony exists in the natural environment primarily as SbV and SbIII (Filella et al., 2002b). Under oxic 
conditions SbV is the primary redox form, occurring principally as Sb(OH)6
- and a monomethylated species, 
CH3SbO2(OH)
- (Byrne, 2002). While SbV is the dominant redox form in oxic waters with SbIII as a secondary 
redox form (Byrne, 2002), in anoxic waters both species are present but with a prevalence of SbIII (Filella et al., 
2002b). 
Uranium (U)
Uranium is a conservative element in seawater and displays quasi-conservative behaviour in Tampa Bay 
(Figure 31). A linear regression of data for salinities between 6 and 35 (i.e., excluding stations HBR 11 and 
MTB 58), exhibits a slope of 0.0172 ± 2.5 x 10-3 and an intercept, 4.323 nMol/L, which is broadly consistent 
with the average concentrations on Hillsborough River stations 7 – 10 (2.36 nMol/L). Projection of the regres-
sion to S = 35 yields a predicted concentration of 12.59 nMol/L. The observed concentration of uranium in 
S = 35 seawater,  13.6 nMol/L (Chen, Lawrence Edwards, & Wasserburg, 1986), is within the 95% confidence 
limit of the estimate based on the regression. Middle Tampa Bay station 58 (black triangles at S = 25) is 
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Figure 31: Uranium versus sodium concentrations and salinity in Tampa Bay and the Lower Hillsborough 
River (T=25°C). Middle Tampa Bay site 58 and Lower Hillsborough River sites are not included in the regres-
sion. 
Figure 32: Upper and Middle Hillsborough River uranium concentrations versus station (T=25°C).
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highly enriched in uranium relative to the other data at comparable sodium concentrations and salinity. This 
sample was collected from a highly complex canal system in Apollo Beach. This system does not include a 
primary water source and it is unlikely that the geochemical behaviour of this canal is representative of the 
hydrology of Tampa Bay at large. This elevated value suggests that source rocks in the Tampa Bay watershed 
can be highly enriched in uranium.
Uranium is an actinide (group 3 period 7) with two principal redox states. In oxygenated waters, the pri-
mary oxidation state of uranium is UVI. Uranium (VI) is strongly hydrolyzed in the form of UO2
2+, and this cat-
ion is strongly complexed with carbonate ions (Byrne, 2002; Klinkhammer & Palmer, 1991). In reducing envi-
ronments, uranium is present as UIV (Byrne, 2002; Klinkhammer & Palmer, 1991), which is strongly particle re-
active. Uranium in the shallow water of Tampa Bay may have a primary sink in the form of UVI diffusion across 
the sediment water interface followed by reduction to particle-reactive UIV within the sediment (Anderson, 
Fleisher, & Lehuray, 1989; Klinkhammer & Palmer, 1991). Within Tampa Bay this may explain the highly vari-
able nature of what is otherwise a highly conservative element in seawater. Previous work by Swarzenski et 
al. (2007) demonstrated elevated levels of uranium in the Alafia River. This was postulated to be a result of 
phosphate mining, peat bog run off, erosion, or the high extent of bioirrigation, (i.e., flushing of burrows by 
benthic organisms in Tampa Bay) (Koretsky, Meile, & Van Cappellen, 2002; Swarzenski et al., 2007).
The uranium concentrations at Hillsborough River station 1 indicate that the Green Swamp is highly 
enriched in uranium (Figure 32). The average uranium concentration at this site, 15.57 nMol/L, exceeds the 
concentration of uranium in seawater and all stations in Tampa Bay (Figure 31). Uranium concentrations at 
downstream stations 3 - 10 are much lower, ranging between 4.38 nMol/L (station 3) and 2.24 nMol/L (sta-
tion 10). Concentrations between stations 7 and 10 are nearly constant. The average concentration for these 
stations, 2.36 nMol/L, is 14 times the global average riverine concentration, 0.17 nMol/L (Martin & Meybeck, 
1979). As a consequence of the elevated concentrations of uranium in the Hillsborough River, a positive 
intercept is both expected and observed in the Figure 31 regression. Sharply increasing uranium concentra-
tions below the Hillsborough River Dam (i.e., between station 10 and stations 11-13) are likely caused by mix-
ing with bay water, and submarine groundwater discharge (Swarzenski et al., 2007).
Elemental Comparisons with Calcium
Observations of the concentrations of dissolved calcium and a variety of other elements have become 
of particular interest to fisheries biologists because of the likely impact of dissolved elemental ratios on 
elemental ratios recorded in fish otoliths. These calcareous layered structures are located in the vestibular 
labrynths of teleosts (Campana, 1999) and some agnatha (Carlström, 1963). While the presence of annular 
banding rings were observed by Reibisch in 1899 (as cited in, Campana, 1999), it is only in the last 20 years 
that examination of discrete elements, and their ratios, has been pursued (Campana, 1999). A research ques-
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tion of note is whether incorporation of elements into the growing structure is regulated by environmental 
concentrations or by bioregulation of endolymph ionic composition (E. Peebles, personal communication, 
2013). Otoliths are formed acellularly by accretion in the endolymph (Campana, 1999). However, marine fish-
es maintain a hypotonic blood ion concentration relative to the external environment (Black, 1957 as quoted 
in Brown & Severin, 2009). While it is generally hypothesized that environmental concentrations are the 
primary influence upon elemental concentrations within otoliths, it is possible that other factors including 
lifecycle, water temperature and spawning events are important (Ashford et al., 2005; Brown & Severin, 2009; 
Campana, 1999; FitzGerald, Thorrold, Bailey, Brown, & Severin, 2004; Thorrold, Jones, & Campana, 1997). 
Shifts in Sr:Ca and Ba:Ca ratios have been positively correlated with changes in environmental salinity (Bath 
et al., 2000; Campana, 1999; Kraus & Secor, 2004; Secor & Rooker, 2000). As a result, in certain anadramous 
fishes these concentration ratios can be used to indicate lifecycle changes (Secor & Rooker, 2000). Knowl-
edge of spatial elemental distributions is functionally useful in developing a more detailed understanding of 
the lifecycles of specific fishes (Elsdon & Gillanders, 2006; Gillanders, 2002). 
Elemental calcium concentration ratios, [E]/[Ca2+], obtained for selected elements in this study (where 
[E] is the concentration of element E), are shown in Figures 23 to 37. The systematic salinity dependencies 
observed for some of these ratios suggests that, unless the corresponding elemental ratios in fish otoliths are 
fully biologically regulated, otoliths have the potential to provide relationships between fish life-stage and 
habit-preference. Elsdon and Gillanders’ work (2002, 2006) on the New South Wales coastline with snapper 
(Pagrus auratus) demonstrated that relative concentration ratios of elements common to regions can be cor-
related to habitat. Figures 33 –to 37 are arranged in the general order of potential for providing unambigu-
ous relationships between [E]/[Ca2+] ratios and salinity. 
Barium (Ba)
Barium to calcium ratios have a strong functional relationship with salinity throughout the Lower 
Hillsborough River and Tampa Bay (R2 = 0.916). The least squares fit shown in Figure 33, given as [Ba]:[Ca] = 
(40.754 ± 1.25) - (1.222 ± 5.2x10-2)S, shows that the [Ba]:[Ca] ratio decreases by more than one unit for each 
unit increase in salinity. The range (0 ≤ S ≤ 35) in the [Ba]:[Ca] ratio expressed as a percentage of the intercept 
(S = 0)  is approximately 100%.  As such, the [Ba]:[Ca] slope is likely large enough to provide clear distinctions 
between the Lower Hillsborough River, Bayboro Harbor, and Lower Tampa Bay. Salinity distinctions based on 
[Ba]/[Ca] in other regions of the bay are also observable, but are somewhat more muted. It is theorized that, 
given barium’s divalent ionic state and large ionic radius, it will easily substitute for calcium in otolith forma-
tion (Campana, 1999; de Vries, Gillanders, & Elsdon, 2005). Thorold et al. (1997) found that barium to calcium 
ratios in the Atlantic croaker (Micropogonias undulates) otoliths increase as the fish move toward near shore 
spawning sites. Previous observations have indicated that barium to calcium ratios in otoliths are strongly 
associated with salinity, and recently such relationships have been attributed to the strong influence of gra-
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dients in ambient elemental concentrations (Bath et al., 2000; de Vries et al., 2005).
Strontium (Sr)
The relationship between [Sr]/[Ca] and salinity for observations within the Lower Hillsborough River and 
Tampa Bay study area is highly linear (R2 = 0.914). The least squares fit shown in Figure 34 is given as [Sr]:[Ca] 
= (6.384 ± 0.091) + (0.088 ± 0.004)S. The range in the [Sr]:[Ca] ratio for 0 ≤ S ≤ 35  expressed as a percentage 
of the intercept (S = 0) is 48%.  Although the slope is much smaller than that obtained for Ba, the uncertainty 
of the slope is relatively small. There is clear distinction between [Sr]:[Ca] observations in Lower Tampa Bay, 
the Lower Hillsborough River, Bayboro Harbor and, to a lesser degree, Old Tampa Bay. Differences between 
Hillsborough Bay, Middle Tampa Bay and Old Tampa Bay are also observable. Strontium is a divalent cation 
with a somewhat larger ionic radius than calcium and is believed to substitute during otolith formation.  
Strontium to calcium ratios have been used historically as a proxy for salinity (Brown & Severin, 2009; Campa-
na, 1999; Kraus & Secor, 2004; Secor, Henderson-Arzapalo, & Piccoli, 1995; Secor & Rooker, 2000; Thorrold et 
al., 1997). Thorold et al. (1997) found that strontium to calcium ratios decreased as Atlantic Croaker (Micropo-
gonias undulates) traveled into estuaries for spawning. This is consistent with the slope shown in Figure 34. It 
has been observed that temperature may also exert controls upon strontium deposition in otoliths (Bath et 
al., 2000).
Figure 33: Barium to calcium ratios versus salinity in Tampa Bay and the Lower  Hillsborough River (T=25°C). 
Units of ratios are expressed as µMol/L barium to Mol/L calcium.
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Lithium (Li)
The dependence of [Li]/[Ca] on salinity shown in Figure 35 is somewhat weaker than that for Ba, and 
the range of linearity for the [Li]/[Ca] ratio is much smaller than linear ranges for Ba and Sr. The linear least 
squares fit shown in Figure 35 is given as [Li+]:[Ca2+] = (1.518 ± 0.110) + (3.09x10-2 ± 4.4 x 10-3) S. The range 
in the [Li]:[Ca] ratio for 16 ≤ S ≤ 35 expressed as a percentage of the intercept is 39 %. For a comparable range 
of salinity this range is somewhat larger than that for Sr. Lithium-calcium ratios observed in the Lower Hills-
borough River are quite distinct from values that would be predicted from the least squares fit. Gillanders 
reported in 2006 that lithium shows considerable annual and spatial variation in the chemical composition 
of snapper (Pagrus aratus) otiliths. 
Magnesium (Mg)
The dependence of [Mg]:[Ca] ratios on salinity (Figure 36) is weaker than that for Ba/Ca, Sr/Ca and Li/Ca. 
The relationship between [Mg]:[Ca] and salinity (Lower Hillsborough Bay data excluded) is given as [Mg]:[Ca] 
= (3.810 ± 0.098) + (0.041 ± 0.0038) S. The range in the [Mg]:[Ca] ratio for 160≤ S ≤ 35 expressed as a percent-
age of the S = 0 intercept is 20.5 ± 3.5 %. The slope of this relationship is approximately one half as large as 
that for [Sr]/Ca] (Figure 34) and 37% larger than [Li]/[Ca]. As was the case for lithium, there is a substantial 
distinction between Tampa Bay and the Lower Hillsborough River. Thorold et al. (1997) found that magne-
sium to calcium ratios in otoliths decreased as Atlantic Croaker travelled into estuaries for spawning. This is 
Figure 34: Strontium to calcium ratios versus salinity in Tampa Bay and the Lower  Hillsborough River 
(T=25°C). Units of ratios are expressed as mMol/L strontium to Mol/L calcium.
Y= (0.088± 0.004)X + (6.384± 0.091)
R2= 0.914
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Figure 35: Lithium to calcium ratios versus salinity in Tampa Bay and the Lower Hillsborough River (T=25°C). 
Units of ratios are expressed as mMol/L lithium to Mol/L calcium.
Figure 36: Magnesium to calcium ratios versus salinity in Tampa Bay and the Lower  Hillsborough River 
(T=25°C). Units of ratios are expressed as a pure ratio of magnesium to calcium
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consistent with the data shown in Figure 36.
Uranium (U)
As shown in Figure 37, the relationship between [U]:[Ca]  and salinity in Tampa Bay is very weak to non-
existent. A least squares fit of Tampa Bay data has a slope that is statistically indistinguishable from zero 
(1.95x10-3 ± 1.117x10-2), and an average elemental ratio of [U]:[Ca] = (1.159 ± 0.296). The Lower Hillsbor-
ough River data are quite distinctive from the Tampa Bay data, but observed [U]:[Ca] data are comparable to 
or higher than the ratios obtained at higher salinities. Uranium shows limited prospects for applications in 
Tampa Bay as an indicator element for salinity.
Figure 37: Uranium to calcium ratios versus salinity in Tampa Bay and the Lower  Hillsborough River 
(T=25°C). Units of ratios are expressed as µMol/L uranium to Mol/L calcium.
Carbon System
 Measured carbon system parameters include total dissolved inorganic carbon (DIC), pH (solution acid-
ity), total alkalinity (TA) and fCO2 (CO2 fugacity), and all parameters can be calculated from measurements of 
any two of the four parameters (Dickson et al., 2007).  In this work three parameters were measured: TA, DIC 
and pH.  Measurement of more than the minimum of two parameters allows internal consistency compari-
sons whereby calculations can be compared with direct measurements. 
41
Figure 38: Total Alkalinity versus salinity in the Lower Hillsborough River and Tampa Bay.
Total Alkalinity (TA)
Figure 38 shows that there is an alkalinity maximum in the Lower Hillsborough River at station 11 (~3304 
µMol/L).  TA values in the Lower Hillsborough River decrease as the river water mixes with bay water. Com-
pared to sites with similar salinities (25 < S < 30) in Tampa Bay, Bayboro Harbor has a substantially elevated 
concentration, 2718 µMol/L. The average TA for Tampa Bay is approximately 2509 µMol/L. Hillsborough Bay 
site 30, with a salinity of 0.37 and a TA equal to 3179 µMol/L, is a notable outlier. This alkalinity is most similar 
to station 11 on the Lower Hillsborough River. With the exception of Lower Tampa Bay, all TA measurements 
were obtained outside of the accepted range (Yao & Byrne, 1998). of salinities for measurements obtained 
with bromocresol purple, 29 < S < 37. The indicator absorbance ratios (R-values) included in Appendix E will 
allow for improved assessments of TA when the equilibrium characteristics of bromocresol purple are char-
acterized over a wider range of salinities.
Just below the Green Swamp (Figure 39, station 1) the alkalinity is higher than any other measured 
sample (~3453 µMol/L). TA drops sharply to ~2678 µMol/L by station 4. Through the rest of the Hillsborough 
River, TA values remain near 2700 µMol/L. Blackwater Creek (station 2) displays a low alkalinity and Trout 
creek has a high alkalinity relative to the Hillsborough River stations. However, neither appears to substan-
tially influence the TA of the river.
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Figure 39: Upper and Middle Hillsborough River total alkaliniy concentrations versus station. There is only 
one sample for Station 1. 
A geospatial plot of total alkalinity in the Hillsborough River system and Tampa Bay (Figure 40) shows sig-
nificant terrestrial effects. Peak alkalinities are found on the Hillsborough River or in flow-restricted terrestrial-
ly-influenced backwaters. Hillsborough Bay station 40 is located directly next to Mosaic, a phosphate process-
ing plant. 
Figure 41 shows measured alkalinities plotted against calculated alkalinities. This figure shows that while 
there is broad internal consistency between TA calculations and direct measurements, due to the significance 
of non-carbonate alkalinities, such as organic bases (deprotonated organic bases), measured TA values are 
generally higher than calculated values. A least squares fit of the TA data in Figure 41 (R2 = 0.926) has a slope 
of 1.034 and a y-intercept of 24 µMol/L (not shown in the figure). Figure 42 shows TA residuals (ΔTA) as differ-
ences between measured and calculated alkalinities. The dominantly positive residuals are consistent with 
the expectation that there are substantial contributions to alkalinity from organic bases that would not be 
accounted for in calculations of TA from DIC and pH. Old Tampa Bay station 17 is plotted using one measured 
alkalinity value and the average of two calculated values because one sample was lost in processing. One sam-
ple from Lower Tampa Bay is considered as an aberrant outlier. It is not included in the plot but is shown in the 
data tables (Appendix E). Additionally, as previously stated, the salinities of some samples are outside of the 
described range for the bromocresol purple TA measurement procedure (29 < S < 37) (Yao & Byrne, 1998). 
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Figure 40: Spatial map of measured total alkalinity  in the Hillsborough River and Tampa Bay. 
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Dissolved Inorganic Carbon (DIC)
Figure 43 shows that, for salinities less than 20 within Tampa Bay and the Lower Hillsborough River, DIC 
values range between ~2850 µMol/L and 3500 µMol/L. With the exception of Bayboro Harbor, these values 
are much higher than those for salinities greater than 20 (i.e., 2250 ± 56 µMol/L). These DIC values were ob-
tained by coulometric analysis, and the measurement protocol is thereby independent of sample salinity.  
Below the Green Swamp (Figure 44, station 1) DIC concentrations are substantially elevated (3000 ≤ 
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Figure 41: Total alkalinity (AT) measured spectrophotometrically versus AT calculated using directly meas-
ured pH and DIC in CO2sys. 
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Figure 42: Total alkalinity residuals (TAresidual=TAmeasured-TAcalculated) versus composite pH.
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Figure 43: Dissolved inorganic carbon verus salinity in The Lower Hillsborough River and Tampa Bay.
Figure 44: Upper and Middle Hillsborough River dissolved inorganic carbon concentrations versus station. 
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DIC ≤ 3700 µMol/L)  relative to seawater. DIC drops rapidly from 3,700 µMol/L at station 1 to less than 3,000 
µMol/L at station 4. Downstream concentrations subsequently rise to 3100 µMol/L and remain relatively sta-
ble through the rest of the Hillsborough River system. Blackwater Creek (station 2) and Trout Creek (station 6) 
display significant deviations from the typical behaviour of DIC in the river. There is a ~200 µMol/L increase 
in DIC between the mean DIC for Hillsborough River stations 7-10 and the first station on the Lower Hillsbor-
ough River.
When geospatially-mapped, DIC (Figure 45) displays trends similar to that of Total Alkalinity (Figure 40). 
With the notable exception that DIC for Hillsborough Bay site 40 is within the range of concentrations of 
other Bay sites.
Figure 45: Spatial Map of Dissolved Inorganic Carbon in The Hillsborough River and Tampa Bay. 
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Solution pH
Freshwater and seawater pH measurements were made by two methods. For salinities 20 and above, pu-
rified mCP was used and pH was calculated using the equations of Liu et al. (2011). This dye has not yet been 
calibrated for salinities below 20 and therefore all pH values displayed at salinities below 20 are given using 
values calculated from CO2sys. 
No discernible pH trends are observed within Tampa Bay for samples with salinities ≥ 20 (Figure 46).  The 
pH in Tampa Bay falls around 8.0, with values on the Lower Hillsborough River between 7.4 and 7.8. Sulphur 
Springs has a pH of 7.35, comparable to Hillsborough River station 11. Old Tampa Bay site 17 has a very low 
calculated pH, 6.52.  Values of pH on the Hillsborough River (Figure 47), all of which were calculated with 
CO2sys, show considerable variability. A maximum was observed at station 3 (7.7 ± 0.2), and downstream 
values vary between approximately 6.9 and 7.25. The mCP absorbance ratios obtained for Hillsborough River 
measurements are shown in Appendix E. These ratios should allow for more accurate assessments of river pH 
when the indicator’s equilibrium characteristics are determined at low salinities.  
Figure 46: Composite pH values in the Lower Hillsborough River and Tampa Bay.
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Figure 47: Upper and Middle Hillsborough River pH values versus station. There is only one sample for Hills-
borough River Stations 1 and 10.
Geospatial mapping of composite pH data (Figure 48) shows depressed pH values in the river that are 
attributable to the elevated values of DIC. For all observations in Tampa Bay with sample salinities above 20, 
pH values are generally consistent with the range of pH (7.8 ≤ pH ≤ 8.2) typically observed for surface seawa-
ter. As noted, the substantially lower pH values in the Hillsborough River relative to Tampa Bay are attribut-
able to the very high DIC values observed in the river.  
In addition to spectrophotometric pH measurements obtained with m-Cresol Purple (mCP) and calcu-
lated values obtained with CO2SYS, pH values were obtained with a YSI sonde. The pH residuals for YSI sonde 
measurements (i.e., YSI sonde pH minus either mCP pH or CO2SYS pH) are shown in Figure 49. YSI sonde 
measurements are approximately one unit higher than pH measurements made with mCP for salinities 
greater than 20, and two to three units higher than pH values calculated with CO2SYS for salinities less than 
20. These results indicate that voltametric pH results should be interpreted with caution unless accuracy is 
frequently assessed via pH buffer measurements. In contrast, Figure 50 shows that pH measurements made 
with mCP and CO2SYS are broadly consistent even outside the designated 20 to 40 salinity range for rigor-
ously calibrated pH measurements with mCP
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Figure 48: Geospatial map of composite pH in The Hillsborough River System and Tampa Bay. pH values for 
salinities 20 and above are measured spectrophotometrically using purified MCP (Liu et al, 2011). Values for 
salinities below 20 are calculate using CO2sys from DIC and AT data (Dickson et al, 2007). 
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Figure 49: pH residuals versus pH calculated with CO2sys from DIC and AT.
Figure 50: pH calculated with CO2sys versus pH measured with mCP.
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CONCLUSIONS
This thesis represents a snapshot of the behavior of trace metals and carbon system parameters within 
Tampa Bay in the dry season. Broadly speaking, trace metals were observed to behave in a manner that is 
consistent with trace metal behaviors observed in other estuaries. Deviations are well explained by regional 
geochemistry, and physical mixing patterns within the bay. Phosphate mining, both past and present, in 
the East bay region influences the hydrochemistry of the region. Despite displaying high concentrations in 
sediments (Brooks & Doyle, 1998), a variety of metals were not detectable as dissolved forms in the water 
column, and will likely require the use of preconcentration prior to future ICP-MS analyses.  Carbon system 
parameters display variability but are broadly in line with expected concentrations. There are significant 
influences from submarine groundwater discharge in the Hillsborough River during the dry season, as 
well as influences from the geology of drainage basins and spring outflows. The chemistry of the Lower 
Hillsborough River is strongly influenced by outflow form Sulphur Springs. 
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FUTURE WORK
This thesis represents a snapshot of the behavior of trace metals and the carbon system within Tampa 
Bay in a single season. Based on the observations of Pillsbury (2004), it is likely that substantial seasonal 
variations would be observed during the wet summer months. As such, it would be useful to extend the 
observations produced by this thesis work to include the wet season (August or September) to demonstrate 
the influences of heavy rainfall and runoff. In Pillsbury’s work, most major analyte concentrations decreased 
during the rainy season, but phosphate concentrations and turbidity increased. (2004)
While the Hillsborough River delivers the largest portion of water to Tampa Bay (15 m3/s), the Alafia 
provides nearly the same amount at 13 m3/s (Lewis & Estevez, 1988; Weisberg & Zheng, 2006), the Manatee 
River contributes another 10 m3/s and the Little Manatee River 6 m3/s (Lewis & Estevez, 1988; Weisberg & 
Zheng, 2006). A one-year study with monthly sampling of these rivers from upstream sources to the bay 
would provide an understanding of 71% of the estimated inflow to Tampa Bay (Weisberg, Zheng, 2006, 
Lewis and Estevez, 1988).  This work would provide an improved characterization of the relative influences of 
industry and mining operations on Tampa Bay’s hydrochemistry. 
Sulphur Springs, crystal springs and the sinkhole near Trout Creek appear to significantly influence 
the hydrochemistry of the Hillsborough River. Sampling the springs and headwater swamps that directly 
affect the bay’s major rivers would provide additional important context for understanding the bay area’s 
geochemistry.
In view of the shallow depths of Tampa Bay, it is unclear whether weak vertical mixing during periods 
of calm weather might lead to significant vertical concentration gradients. In order to investigate this 
possibility, specific sites should be selected for vertical profiling along the main shipping channel where Zhu 
et al. demonstrated three-dimensional mixing patterns (2014), and also at sites where three dimensional 
mixing is more limited and benthic inputs, including submarine groundwater discharge, might be important. 
Six of the elements studied in this investigation; copper, cadmium, aluminum, cerium, lead and 
chromium, were below detection limits, Collecting larger volumes, and using preconcentration techniques 
would increase the detection limits for these and other elements and allow insights about the origins, fluxes 
and fates of elements that could not be accessed in this study. For example, using Nobias-Chelate PA1 for 
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off-line preconcentration, Biller and Bruland (2012) reduced detection limits to hundredths of nanomolar for 
manganese, iron, nickel copper and zinc, and tenths of picomolar for copper cadmium and lead.  
Toward the goal of revealing details about seasonal cycles that are not possible to access with the 
single-point-of-time measurements used in this survey, I recommend selecting two sites in Hillsborough Bay, 
Old Tampa Bay Middle and Lower Tampa Bay for a monthly time series lasting a year or more.  By increasing 
the number of stations and utilizing geospatial analysis with spatial interpolation, a detailed geospatial 
model of potential sources and sinks of metals could be developed.  
Future carbon system research in Tampa Bay should include transect cruises in each of the major 
sections of the Bay.  Wang et al. (2007) developed a multiparameter inorganic carbon analysis system (MICA) 
for simultaneous (prompt) flow-through analysis of pH, fCO2 and DIC of surface waters. Multiple transects 
coupled with geospatial analysis would allow high resolution mapping of Tampa Bay’s estuarine carbon 
system. Such measurements, conducted over a long period of time, could provide globally-unique insights 
about the response of semi tropical estuaries to rapid changes in atmospheric CO2.  
Temporal and spatial mapping derived from coupled physical-biogeochemical models would provide 
extremely valuable information for fisheries managers, particularly as the science of otolith chemistry 
progresses. By geospatially correlating elemental ratios with corresponding ratios observed in fish otoliths, 
it would be possible to improve understanding of lifecycle migratory patterns (Elsdon & Gillanders, 2006; 
Gillanders, 2002). Quantification of the speciation of trace metals within the primary river systems of Tampa 
Bay would support otolith researchers by providing elemental mapping as a link (Elsdon & Gillanders, 2006; 
Gillanders, 2002) for anadramous fish life-cycle patterns (Brown & Severin, 2009; Secor et al., 1995).
Tampa Bay is a highly diverse chemical environment with ecosystems ranging from swampland and 
freshwater rivers to near pelagic. We are only just beginning to understand the distributions, chemistries 
and influences of trace metals within this important natural resource. Even focused short-term studies could 
provide significant advancements in understanding the role of trace elements in the biogeochemistry of the 
Tampa Bay ecosystem. 
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APPENDICES
Appendix A: Site Locations and Metadata
Table 1: Site Locations in Tampa Bay.
Site ID Lattitude Longitude
DDM DDM
BBH 27 45.566 N 82 38.031 W
HB 27 27 53.501 N 82 26.752 W
HB 28 27 54.180 N 82 25.359 W
HB 30 27 54.933 N 82 23.608 W
HB 32 27 51.371 N 82 27.675 W
HB 38 27 50.488 N 82 26.008 W
HB 40 27 51.692 N 82 24.179 W
HB 45 27 51.585 N 82 23.106 W
HB 53 27 48.075 N 82 24.761 W
HB 54 27 49.211 N 82 23.237 W
HB Palm 27 56.695 N 82 24.301 W
LTB 78 27 36.668 N 82 37.741 W
LTB 80 27 37.848 N 82 34.020 W
LTB 93 27 29.902 N 82 41.777 W
MTB 47 27 44.695 N 82 33.063 W
MTB 53 27 42.010 N 82 36.839 W
MTB 58 27 45.390 N 82 25.303 W
MTB 63 27 41.372 N 82 32.346 W
MTB 64 27 42.526 N 82 31.232 W
OTB 4 28 00.676 N 82 40.097 W
OTB 8 27 59.798 N 82 38.219 W
OTB 14 27 57.908 N 82 37.606 W
OTB 17 27 54.882 N 82 41.824 W
OTB 18 27 55.724 N 82 41.187 W
OTB 19 27 54.810 N 82 37.284 W
OTB 20 27 55.598 N 82 35.960 W
Table 2: Site Locations on the Hillsborough 
River.
Site ID Lattitude Longitude
DDM DDM
HBR 1 28 11.356 N 82 09.545 W
HBR 2 28 08.398 N 82 08.983 W
HBR 3 28 08.932 N 82 14.068 W
HBR 4 28 04.861 N 82 17.155 W
HBR 5 28 05.851 N 82 18.647 W
HBR 6 28 05.283 N 82 20.939 W
HBR 7 28 04.201 N 82 22.658 W
HBR 8 28 03.281 N 82 21.859 W
HBR 9 28 02.088 N 82 22.954 W
HBR 10 28 00.604 N 82 24.907 W
HBR 11 28 00.764 N 82 27.904 W
HBR 12 27 59.842 N 82 28.191 W
HBR 13 27 56.942 N 82 27.877 W
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Table 3: Tampa Bay station metadata.
Site ID Date 
Collected
Temperature Conductivity Salinity pH
Potential
pH Barometric 
Pressure
ºC mS/cm3 mV mm Hg
BBH 1/26/13 18.48 41.57 26.7 -133.7 9.32 772.1
HB 27 1/25/13 19.39 41.71 23.8 -130.9 9.26 767.5
HB 28 1/25/13 24.22 42.19 27.1 -118.0 9.01 767.5
HB 30 1/25/13 16.09 0.75 0.4 -159.3 9.79 767.5
HB 32 1/25/13 18.39 41.40 26.6 -131.6 9.29 768.3
HB 38 1/24/13 17.96 40.80 26.2 -140.8 9.45 767.8
HB 40 1/24/13 18.06 41.41 26.6 -137.8 9.39 767.8
HB 45 1/25/13 19.00 39.64 25.6 -131.5 9.28 767.5
HB 53 1/24/13 19.10 41.43 26.6 -136.0 9.35 769.3
HB 54 1/24/13 19.06 39.64 25.3 -136.4 9.36 769.3
HB Palm 1/25/13 19.75 38.35 24.4 -124.4 9.15 764.4
LTB 78 1/16/13 21.45 50.02 32.8 -131.3 9.25 762.8
LTB 80 1/16/13 22.00 48.65 31.8 -132.3 9.26 763.2
LTB 93 1/16/13 23.31 52.12 34.3 -121.7 9.06 760.9
MTB 47 1/21/13 19.92 43.51 28.2 -96.9 8.66 766.3
MTB 53 1/21/13 19.28 44.66 28.9 -129.4 9.24 766.3
MTB 58 1/21/13 21.45 39.54 25.3 -94.2 8.61 765.2
MTB 63 1/21/13 20.04 45.18 29.3 -125.8 9.17 765.2
MTB 64 1/21/13 20.04 43.80 28.3 -121.9 9.10 765.2
OTB 14 1/23/13 17.67 37.22 23.6 -96.2 8.67 772.3
OTB 17 1/23/13 15.95 27.98 16.6 -115.6 9.02 772.0
OTB 18 1/23/13 15.62 35.09 22.1 -127.9 9.24 771.4
OTB 19 1/23/13 17.18 36.72 23.3 -135.8 9.36 770.2
OTB 20 1/23/13 18.07 37.97 24.2 -138.6 9.41 770.2
OTB 4 1/22/13 18.17 36.08 22.8 -134.0 9.33 768.1
OTB 8 1/22/13 17.83 32.05 20.1 -134.1 9.33 768.1
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Table 4: Hillsborough River station metadata.
Site ID Date 
Collected
Temperature Conductivity Salinity pH
Potential
pH Barometric 
Pressure
ºC mS/cm3 mV mm Hg
HBR 1 1/18/13 16.76 0.40 0.2 -174.6 10.06 767.4
HBR 2 1/18/13 16.83 0.41 0.2 -163.2 9.87 767.4
HBR 3 1/18/13 19.73 0.40 0.2 -160.2 9.80 767.4
HBR 4 1/18/13 17.10 0.36 0.2 -161.0 9.82 768.1
HBR 5 1/18/13 17.52 0.42 0.2 -163.2 9.87 768.1
HBR 6 1/18/13 17.31 0.41 0.2 -163.6 9.87 768.0
HBR 7 1/18/13 17.42 0.36 0.1 -161.0 9.82 768.1
HBR 8 1/19/13 18.05 0.37 0.2 -137.4 9.39 769.1
HBR 9 1/19/13 18.59 0.37 0.2 -147.5 9.59 769.1
HBR 10 1/19/13 19.37 0.37 0.2 -138.1 9.40 769.1
HBR 11 1/19/13 21.70 8.78 4.7 -112.3 8.92 769.1
HBR 12 1/19/13 20.72 12.35 7.4 -114.1 8.96 767.3
HBR 13 1/19/13 19.82 30.63 19.0 -103.9 8.79 767.3
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Appendix B: Detection Limits and Filter Blanks
Table 5: Detection limits and filter blanks.
Element Detection Limits Blank
Li (µMol/L) 0.001 0.02
Na (mMol/L) 0.01 0.7
Mg (mMol/L) 0.0004 0.03
Al (nMol/L) 26 0
Ca (mMol/L) 0.0002 0.01
V (nMol/L) 0.2 0
Cr (nMol/L) 1.0 0
Mn (nMol/L) 2 0.7
Fe (nMol/L) 11 0
Co (nMol/L) 0.1 0
Ni (nMol/L) 10 4.8
Cu (nMol/L) 3 0
Zn (nMol/L) 15 0
Sr (µMol/L) 0.0006 0.1
Mo (nMol/L) 0.03 0.4
Cd (nMol/L) 0.04 0
Sn (nMol/L) 0.08 0
Sb (nMol/L) 0.03 0
Ba (nMol/L) 0.07 30.5
Ce (nMol/L) 0.01 0
Pb (nMol/L) 0.05 0
U (nMol/L) 0.004 0
64
Appendix C: Trace Metal Concentrations and Averages
Station 32 Sample B was lost in process. Station 30 was located in a backwater and was not plotted.
Table 6: Sodium, lithium and magnesium concentrations in Tampa Bay.
Site ID Sodium Sodium Error Lithium Lithium Error Magnesium Magnesium 
Error
mMol/L mMol/L µMol/L µMol/L mMol/L mMol/L
BBH A 251.1 3.3 13.79 0.10 28.4 0.5
BBH B 237.6 3.1 12.64 0.20 26.5 0.5
HB 27 A 357.5 3.0 19.39 0.21 40.0 0.5
HB 27 B 351.6 3.0 18.81 0.15 39.6 0.4
HB 28 A 365.8 3.5 19.16 0.12 40.9 0.5
HB 28 B 361.4 6.0 19.66 0.16 40.5 0.5
(HB 30 A) 1.234 0.009 0.308 0.005 0.252 0.002
(HB 30 B) 0.894 0.017 0.317 0.012 0.230 0.003
HB 32 A 355.6 5.8 19.76 0.24 39.9 0.7
HB 38 A 348.9 7.0 18.74 0.08 39.1 0.9
HB 38 B 350.7 7.4 18.77 0.15 39.6 0.8
HB 40 A 353.3 5.8 18.85 0.14 39.5 0.4
HB 40 B 357.3 6.3 18.75 0.19 40.5 0.9
HB 45 A 314.7 2.2 16.95 0.14 35.7 0.2
HB 45 B 314.0 4.2 17.34 0.04 35.7 0.6
HB 53 A 377.9 5.0 18.62 0.16 42.6 0.6
HB 53 B 367.9 3.5 19.03 0.09 41.6 0.4
HB 54 A 334.8 5.5 18.09 0.20 38.0 0.5
HB 54 B 336.3 5.5 17.95 0.14 38.1 0.6
HB PALM A 328.6 4.1 17.56 0.16 36.9 0.5
HB PALM B 324.7 2.1 17.44 0.09 36.5 0.5
LTB 73 A 420.0 6.0 23.95 0.17 47.7 0.5
LTB 73 B 412.3 5.7 25.05 0.25 46.4 0.6
LTB 80 A 410.7 7.3 23.42 0.25 46.2 0.4
LTB 80 B 410.2 2.4 23.58 0.21 46.3 0.5
LTB 93 A 460.8 3.2 26.85 0.16 51.8 0.4
LTB 93 B 446.9 6.1 25.58 0.24 50.3 0.8
MTB 47 A 364.0 3.2 18.13 0.26 41.3 0.8
MTB 47 B 362.2 5.1 18.25 0.18 41.1 0.5
MTB 53 A 377.9 7.1 19.18 0.15 42.6 0.7
MTB 53 B 367.9 5.5 18.61 0.20 41.6 0.7
MTB 58 A 330.5 2.9 16.42 0.13 37.5 0.4
MTB 58 B 332.5 4.3 16.74 0.21 37.5 0.5
MTB 63 A 381.1 6.4 19.70 0.19 42.9 0.4
MTB 63 B 383.3 6.9 19.52 0.11 43.0 0.8
MTB 64 A 367.9 5.6 20.09 0.08 41.6 0.6
MTB 64 B 376.4 0.9 19.00 0.32 42.2 0.4
OTB 4 A 302.1 6.5 15.22 0.10 34.0 0.6
OTB 4 B 301.2 1.4 15.21 0.11 33.9 0.3
OTB 8 A 291.5 2.5 14.33 0.10 32.7 0.2
OTB 8 B 292.2 2.2 15.68 0.12 32.8 0.3
65
Table 6: (Continued)
Site ID Sodium Sodium Error Lithium Lithium Error Magnesium Magnesium 
Error
mMol/L mMol/L µMol/L µMol/L mMol/L mMol/L
OTB 14 A 309.0 2.0 16.72 0.05 34.5 0.3
OTB 14 B 312.6 5.1 16.78 0.07 34.9 0.4
OTB 17 A 211.8 2.2 11.28 0.14 24.0 0.6
OTB 17 B 210.5 1.4 11.17 0.09 23.8 0.2
OTB 18 A 295.9 1.8 16.13 0.09 33.1 0.3
OTB 18 B 294.6 2.0 15.93 0.08 33.0 0.5
OTB 19 A 306.4 2.1 16.30 0.06 34.5 0.6
OTB 19 B 312.3 2.6 16.43 0.14 35.0 0.2
OTB 20 A 316.5 3.6 16.66 0.12 35.9 0.5
OTB 20 B 319.2 5.0 16.97 0.13 35.6 0.4
Table 7: Sodium, lithium and magnesium concentrations in the Hillsborough River.
Site ID Sodium Sodium Error Lithium Lithium Error Magnesium Magnesium 
Error
mMol/L mMol/L µMol/L µMol/L mMol/L mMol/L
HBR 1 A 0.23 0.03 0.096 0.006 0.142 0.011
HBR 1 B 0.00 0.04 0.090 0.003 0.138 0.004
HBR 2 A 0.41 0.03 0.240 0.005 0.231 0.007
HBR 2 B 0.43 0.01 0.237 0.005 0.240 0.004
HBR 3 A 0.00 0.05 0.152 0.006 0.155 0.007
HBR 3 B 0.00 0.02 0.160 0.006 0.166 0.005
HBR 4 A 0.02 0.04 0.121 0.006 0.158 0.003
HBR 4 B 0.07 0.01 0.125 0.003 0.152 0.004
HBR 5 A 0.00 0.01 0.135 0.007 0.158 0.002
HBR 5 B 0.00 0.01 0.130 0.007 0.159 0.007
HBR 6 A 0.09 0.02 0.159 0.006 0.172 0.011
HBR 6 B 0.07 0.02 0.157 0.006 0.179 0.008
HBR 7 A 0.00 0.01 0.078 0.006 0.152 0.008
HBR 7 B 0.00 0.01 0.085 0.005 0.150 0.008
HBR 8 A 0.05 0.01 0.113 0.003 0.154 0.005
HBR 8 B 0.06 0.04 0.114 0.002 0.149 0.005
HBR 9 A 0.00 0.04 0.087 0.007 0.154 0.004
HBR 9 B 0.00 0.04 0.087 0.005 0.156 0.005
HBR 10 A 0.05 0.02 0.105 0.003 0.155 0.011
HBR 10 B 0.03 0.03 0.102 0.005 0.155 0.009
HBR 11 A 49.1 0.8 2.75 0.02 5.5 0.1
HBR 11 B 48.3 0.8 2.75 0.04 5.5 0.1
HBR 12 A 83.8 0.7 4.59 0.06 9.5 0.1
HBR 12 B 81.2 1.8 4.74 0.08 9.3 0.2
HBR 13 A 176.0 2.4 9.12 0.06 19.7 0.2
HBR 13 B 172.6 1.9 9.06 0.08 19.3 0.1
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Table 8: Calcium, strontium and barium concentrations in Tampa Bay.
Site ID Calcium Calcium Error Strontium Strontium 
Error
Barium Barium Error
mMol/L mMol/L µMol/L µMol/L nMol/L nMol/L
BBH A 6.33 0.02 51.2 0.2 126.6 1.1
BBH B 5.95 0.04 47.4 0.4 123.9 1.1
HB 27 A 8.18 0.07 71.1 0.6 57.9 0.9
HB 27 B 7.98 0.02 69.2 0.6 56.5 0.9
HB 28 A 8.33 0.06 72.6 1.0 82.0 1.3
HB 28 B 8.27 0.04 72.1 0.8 76.8 0.6
(HB 30 A) 1.72 0.01 3.31 0.02 131.3 1.4
(HB 30 B) 1.72 0.01 3.25 0.03 104.7 1.6
HB 32 A 8.11 0.04 71.4 0.6 105.6 1.9
HB 38 A 8.07 0.06 70.0 0.6 60.3 0.8
HB 38 B 8.10 0.06 70.6 0.6 63.7 0.5
HB 40 A 8.17 0.08 70.4 0.5 108.5 1.7
HB 40 B 8.23 0.05 71.8 0.4 71.0 0.8
HB 45 A 7.41 0.04 64.0 0.6 68.9 1.0
HB 45 B 7.43 0.03 64.2 0.5 76.0 0.7
HB 53 A 8.07 0.06 70.3 0.8 63.0 1.2
HB 53 B 7.95 0.05 70.0 0.6 61.6 1.0
HB 54 A 7.93 0.02 69.1 0.6 76.7 0.6
HB 54 B 7.90 0.05 68.7 0.6 79.0 2.0
HB PALM A 7.71 0.06 66.5 0.7 76.2 0.8
HB PALM B 7.65 0.04 66.1 0.9 55.1 0.9
LTB 73 A 9.43 0.08 84.2 0.8 58.5 0.7
LTB 73 B 9.43 0.06 88.6 0.6 47.7 0.7
LTB 80 A 9.22 0.07 81.9 1.0 55.1 1.2
LTB 80 B 9.25 0.06 83.6 0.6 56.6 0.7
LTB 93 A 9.99 0.04 90.6 0.6 56.3 0.6
LTB 93 B 10.01 0.07 90.4 0.8 37.8 0.7
MTB 47 A 8.42 0.06 71.3 0.5 63.4 0.7
MTB 47 B 8.39 0.08 71.0 0.8 83.0 1.2
MTB 53 A 8.59 0.04 73.4 0.3 60.3 0.7
MTB 53 B 8.42 0.06 71.2 0.6 55.1 0.7
MTB 58 A 8.02 0.04 66.3 0.6 114.2 1.2
MTB 58 B 7.94 0.04 66.7 0.7 113.4 1.0
MTB 63 A 8.65 0.06 73.6 0.5 70.7 0.7
MTB 63 B 8.84 0.03 75.3 0.6 51.9 1.7
MTB 64 A 8.50 0.04 75.9 0.3 62.8 0.9
MTB 64 B 8.60 0.08 74.9 0.9 63.4 1.2
OTB 4 A 7.14 0.04 59.0 0.5 88.6 1.3
OTB 4 B 7.16 0.04 58.2 0.4 83.0 1.0
OTB 8 A 6.96 0.02 56.3 0.6 85.0 0.8
OTB 8 B 7.13 0.06 59.6 0.4 119.5 1.8
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Table 8: (Continued)
Site ID Calcium Calcium Error Strontium Strontium 
Error
Barium Barium Error
mMol/L mMol/L µMol/L µMol/L nMol/L nMol/L
OTB 14 A 7.38 0.04 62.4 0.6 83.2 0.8
OTB 14 B 7.37 0.03 62.5 0.6 112.3 1.3
OTB 17 A 5.99 0.06 44.5 0.6 125.7 1.2
OTB 17 B 5.95 0.04 44.3 0.7 126.5 1.9
OTB 18 A 7.09 0.04 59.8 0.7 79.9 1.6
OTB 18 B 7.03 0.04 59.4 0.5 79.0 1.4
OTB 19 A 7.19 0.03 61.1 0.7 75.1 0.9
OTB 19 B 7.27 0.04 62.1 0.7 80.9 1.5
OTB 20 A 7.46 0.05 64.4 0.4 88.1 1.1
OTB 20 B 7.46 0.05 63.8 0.8 79.9 1.1
Table 9: Calcium, strontium and barium concentrations in the Hillsborough River.
Site ID Calcium Calcium Error Strontium Strontium 
Error
Barium Barium Error
mMol/L mMol/L µMol/L µMol/L nMol/L nMol/L
HBR 1 A 1.66 0.01 1.75 0.02 36.8 0.4
HBR 1 B 1.68 0.01 1.77 0.02 48.9 0.4
HBR 2 A 1.158 0.009 1.28 0.02 43.1 0.5
HBR 2 B 1.166 0.007 1.30 0.01 37.1 0.9
HBR 3 A 1.532 0.004 3.60 0.03 37.4 0.9
HBR 3 B 1.580 0.009 3.76 0.05 28.1 0.4
HBR 4 A 1.286 0.002 2.85 0.03 41.7 0.9
HBR 4 B 1.266 0.012 2.79 0.03 46.4 1.2
HBR 5 A 1.374 0.011 3.15 0.03 145.9 1.1
HBR 5 B 1.377 0.012 3.18 0.02 199.6 2.8
HBR 6 A 1.577 0.010 4.34 0.04 98.6 1.1
HBR 6 B 1.573 0.009 4.46 0.04 59.0 0.8
HBR 7 A 1.252 0.010 2.80 0.03 40.9 1.1
HBR 7 B 1.297 0.011 2.91 0.02 50.2 1.0
HBR 8 A 1.389 0.008 3.08 0.03 45.9 0.7
HBR 8 B 1.374 0.006 3.13 0.02 46.4 0.8
HBR 9 A 1.362 0.011 3.22 0.02 54.4 1.0
HBR 9 B 1.381 0.004 3.28 0.05 47.9 0.7
HBR 10 A 1.396 0.007 3.26 0.02 47.7 0.8
HBR 10 B 1.346 0.008 2.99 0.01 42.0 0.6
HBR 11 A 4.37 0.02 27.5 0.2 180.5 1.4
HBR 11 B 4.30 0.05 27.8 0.1 180.2 1.9
HBR 12 A 4.66 0.03 32.3 0.4 151.7 1.7
HBR 12 B 4.55 0.03 31.7 0.2 151.7 1.9
HBR 13 A 5.86 0.04 44.4 0.4 146.3 1.8
HBR 13 B 5.85 0.03 43.8 0.4 129.7 0.8
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Table 10: Vanadium, molybdenum and manganese concentrations in Tampa Bay.
Site ID Vanadium Vanadium 
Error
Molybdenum Molybdenum 
Error
Manganese Manganese 
Error
nMol/L nMol/L nMol/L nMol/L nMol/L nMol/L
BBH A 41 3 57.0 0.7 51 3
BBH B 39 3 52.8 0.5 56 4
HB 27 A 43 0 78.2 0.8 11 1
HB 27 B 43 4 76.2 1.9 23 2
HB 28 A 43 3 80.3 1.4 18 1
HB 28 B 45 2 82.9 1.5 29 2
(HB 30 A) 22 2 10.4 0.3 189 5
(HB 30 B) 22 1 10.3 0.6 197 5
HB 32 A 44 4 77.7 1.2 29 3
HB 38 A 46 3 77.1 1.0 14 1
HB 38 B 45 2 77.7 1.6 11 1
HB 40 A 47 3 78.1 0.7 46 2
HB 40 B 47 2 78.9 1.6 44 4
HB 45 A 53 3 75.0 1.6 64 4
HB 45 B 49 2 77.4 0.7 62 3
HB 53 A 46 3 79.2 1.4 36 2
HB 53 B 46 3 76.9 0.7 31 2
HB 54 A 51 3 78.4 1.3 51 4
HB 54 B 49 2 77.2 1.9 54 3
HB PALM A 46 3 80.4 1.7 113 7
HB PALM B 47 1 79.0 0.6 113 3
LTB 73 A 37 1 92.3 1.5 8 2
LTB 73 B 40 2 95.0 0.7 9 2
LTB 80 A 41 3 89.3 0.7 12 1
LTB 80 B 40 3 89.4 0.7 12 2
LTB 93 A 33 1 159.2 1.5 17 7
LTB 93 B 34 3 97.1 2.1 13 2
MTB 47 A 40 2 83.6 1.2 0 0
MTB 47 B 42 3 81.8 1.4 0 0
MTB 53 A 42 2 85.2 1.4 4 1
MTB 53 B 42 3 80.3 0.8 3 1
MTB 58 A 46 1 80.5 1.4 12 1
MTB 58 B 48 3 80.9 1.5 8 2
MTB 63 A 40 2 81.1 1.9 7 1
MTB 63 B 42 4 82.5 1.7 4 2
MTB 64 A 42 1 81.6 0.7 9 2
MTB 64 B 42 3 83.3 1.0 11 3
OTB 4 A 50 1 72.4 1.2 18 2
OTB 4 B 47 3 70.4 1.3 11 2
OTB 8 A 38 2 65.0 1.2 62 4
OTB 8 B 39 2 66.1 0.6 61 3
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Table 10: (Continued)
Site ID Vanadium Vanadium 
Error
Molybdenum Molybdenum 
Error
Manganese Manganese 
Error
nMol/L nMol/L nMol/L nMol/L nMol/L nMol/L
OTB 14 A 43 2 69.9 0.8 31 3
OTB 14 B 44 3 69.4 1.3 26 2
OTB 17 A 42 1 56.4 0.8 114 7
OTB 17 B 44 0 56.6 1.0 122 2
OTB 18 A 47 1 69.7 1.4 23 2
OTB 18 B 47 3 68.7 1.8 20 4
OTB 19 A 44 5 69.5 1.3 30 3
OTB 19 B 44 4 69.6 1.3 30 1
OTB 20 A 43 2 70.1 1.1 13 2
OTB 20 B 40 3 70.1 0.9 14 2
Table 11: Vanadium, molybdenum and manganese concentrations in the Hillsborough River.
Site ID Vanadium Vanadium 
Error
Molybdenum Molybdenum 
Error
Manganese Manganese 
Error
nMol/L nMol/L nMol/L nMol/L nMol/L nMol/L
HBR 1 A 43 1 74.4 1.0 210 4
HBR 1 B 40 2 60.7 1.2 212 10
HBR 2 A 23 1 16.5 0.2 121 6
HBR 2 B 22 2 15.5 0.2 121 5
HBR 3 A 54 4 56.4 0.3 50 4
HBR 3 B 56 4 70.7 1.4 50 6
HBR 4 A 41 3 37.1 0.7 97 2
HBR 4 B 39 2 31.5 0.8 108 5
HBR 5 A 44 2 48.1 1.2 131 5
HBR 5 B 46 2 45.3 0.5 139 4
HBR 6 A 37 1 46.8 0.6 244 5
HBR 6 B 36 2 60.9 1.2 266 10
HBR 7 A 28 3 33.0 1.0 131 8
HBR 7 B 29 2 32.0 0.8 129 9
HBR 8 A 29 1 35.6 1.1 205 5
HBR 8 B 27 3 28.2 0.5 211 6
HBR 9 A 26 2 28.4 1.4 226 6
HBR 9 B 30 3 29.0 0.9 227 4
HBR 10 A 26 2 26.2 0.8 107 3
HBR 10 B 27 2 33.2 0.7 100 2
HBR 11 A 49 3 33.7 0.9 280 7
HBR 11 B 50 2 46.8 1.1 278 4
HBR 12 A 48 3 46.1 1.0 280 4
HBR 12 B 48 2 59.4 0.3 277 8
HBR 13 A 49 2 61.4 1.1 234 4
HBR 13 B 48 2 5.85 0.03 219 9
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Table 12: Nickel, antimony and uranium concentrations in Tampa Bay.
Site ID Nickel Nickel
 Error
Antimony Antimony 
Error
Uranium Uranium Error
nMol/L nMol/L nMol/L nMol/L nMol/L nMol/L
BBH A 5.0 0.3 1.4 0.2 7.98 0.09
BBH B 6.2 0.4 1.3 0.0 7.48 0.07
HB 27 A 8.4 0.4 1.4 0.2 10.15 0.18
HB 27 B 21.3 0.5 1.7 0.2 9.97 0.14
HB 28 A 8.0 0.7 1.2 0.1 10.42 0.15
HB 28 B 10.5 0.4 1.4 0.1 10.37 0.19
(HB 30 A) 14.0 0.9 1.1 0.2 5.16 0.09
(HB 30 B) 12.9 0.6 0.9 0.1 5.39 0.07
HB 32 A 9.3 0.6 1.2 0.2 10.20 0.26
HB 38 A 8.6 0.6 1.4 0.1 10.22 0.15
HB 38 B 13.6 0.7 1.1 0.1 10.37 0.23
HB 40 A 10.4 0.9 1.3 0.1 10.62 0.15
HB 40 B 8.7 0.7 1.5 0.2 10.68 0.14
HB 45 A 12.1 0.7 1.2 0.2 9.83 0.18
HB 45 B 6.9 0.5 1.1 0.1 9.79 0.11
HB 53 A 8.0 0.6 1.2 0.1 10.21 0.19
HB 53 B 5.7 0.2 1.2 0.1 10.16 0.06
HB 54 A 3.9 0.7 1.2 0.2 10.57 0.13
HB 54 B 28.2 1.4 1.3 0.2 10.20 0.03
HB PALM A 10.9 0.8 1.5 0.2 9.52 0.07
HB PALM B 10.2 0.6 1.3 0.2 9.46 0.20
LTB 73 A 7.7 0.4 1.1 0.1 11.39 0.10
LTB 73 B 5.6 0.3 1.1 0.3 11.94 0.32
LTB 80 A 15.9 0.9 1.0 0.2 11.25 0.11
LTB 80 B 9.3 0.4 1.1 0.1 11.02 0.16
LTB 93 A 15.2 1.1 1.4 0.1 12.93 0.12
LTB 93 B 13.9 1.2 1.1 0.1 12.13 0.25
MTB 47 A 4.5 0.8 1.2 0.1 10.43 0.06
MTB 47 B 5.0 0.5 1.1 0.2 10.56 0.29
MTB 53 A 4.4 0.7 1.2 0.2 10.54 0.18
MTB 53 B 3.3 0.6 1.2 0.2 10.46 0.09
MTB 58 A 10.5 0.7 1.6 0.1 13.64 0.20
MTB 58 B 8.9 0.5 1.3 0.2 13.65 0.20
MTB 63 A 6.0 0.5 1.2 0.3 10.80 0.16
MTB 63 B 5.2 0.5 1.1 0.1 10.78 0.17
MTB 64 A 4.6 0.5 1.2 0.1 10.51 0.10
MTB 64 B 3.7 0.6 1.2 0.2 11.43 0.22
OTB 4 A 5.8 0.4 1.3 0.2 9.96 0.09
OTB 4 B 7.9 0.5 1.3 0.1 9.64 0.13
OTB 8 A 6.3 0.8 1.1 0.1 8.94 0.09
OTB 8 B 8.3 0.9 1.3 0.2 8.68 0.11
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Table 12: (Continued)
Site ID Nickel Nickel
 Error
Antimony Antimony 
Error
Uranium Uranium Error
nMol/L nMol/L nMol/L nMol/L nMol/L nMol/L
OTB 14 A 7.5 0.4 1.2 0.1 9.13 0.15
OTB 14 B 6.5 0.4 1.2 0.3 9.03 0.16
OTB 17 A 7.6 0.5 1.4 0.2 9.02 0.15
OTB 17 B 5.4 0.7 1.4 0.2 9.06 0.13
OTB 18 A 11.0 0.7 1.2 0.1 9.10 0.20
OTB 18 B 10.2 0.3 1.3 0.1 9.14 0.25
OTB 19 A 7.7 0.3 1.1 0.2 8.89 0.10
OTB 19 B 5.4 0.9 1.0 0.1 8.89 0.15
OTB 20 A 6.6 0.6 1.0 0.0 9.06 0.09
OTB 20 B 5.9 0.3 1.1 0.2 9.11 0.19
Table 13: Nickel, antimony and uranium concentrations in the Hillsborough River.
Site ID Nickel Nickel
 Error
Antimony Antimony 
Error
Uranium Uranium Error
nMol/L nMol/L nMol/L nMol/L nMol/L nMol/L
HBR 1 A 5.8 0.5 0.61 0.16 15.37 0.22
HBR 1 B 5.6 0.5 0.62 0.09 15.77 0.23
HBR 2 A 8.9 1.1 0.59 0.10 0.91 0.04
HBR 2 B 9.3 0.2 0.75 0.11 0.92 0.04
HBR 3 A 3.2 0.4 0.59 0.17 4.28 0.12
HBR 3 B 3.7 0.4 0.12 0.07 4.49 0.05
HBR 4 A 6.6 0.5 0.43 0.11 2.51 0.04
HBR 4 B 8.9 0.6 0.19 0.16 2.50 0.05
HBR 5 A 13.5 0.5 0.49 0.12 3.74 0.09
HBR 5 B 8.3 0.4 0.58 0.09 3.63 0.09
HBR 6 A 16.1 0.7 0.04 0.04 3.14 0.06
HBR 6 B 9.8 0.5 0.05 0.05 3.04 0.08
HBR 7 A 4.1 0.3 0.38 0.09 2.35 0.08
HBR 7 B 3.8 0.4 0.37 0.05 2.49 0.04
HBR 8 A 3.4 0.6 0.00 0.00 2.31 0.07
HBR 8 B 5.3 0.7 0.00 0.00 2.33 0.03
HBR 9 A 5.1 0.5 0.69 0.12 2.43 0.09
HBR 9 B 5.2 1.2 0.41 0.13 2.49 0.08
HBR 10 A 4.4 0.4 0.01 0.01 2.34 0.06
HBR 10 B 9.0 0.5 0.18 0.08 2.14 0.03
HBR 11 A 6.4 0.7 0.2 0.1 7.39 0.09
HBR 11 B 9.3 0.4 0.3 0.1 7.17 0.11
HBR 12 A 7.1 0.4 0.4 0.1 6.61 0.10
HBR 12 B 8.3 0.8 0.4 0.1 6.47 0.13
HBR 13 A 10.6 1.4 1.0 0.1 8.19 0.11
HBR 13 B 13.3 0.4 0.9 0.2 8.05 0.09
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Table 14: Sodium, lithium, magnesium, calcium, strontium and barium average concentrations.
Site ID Sodium Lithium Magnesium Calcium Strontium Barium
mMol/L µMol/L mMol/L mMol/L µMol/L nMol/L
BBH 244.4 13.22 27.4 6.14 49.3 125.3
HB 27 354.6 19.10 39.8 8.08 70.1 57.2
HB 28 Sub 363.6 19.41 40.7 8.30 72.3 79.4
(HB 30) 1.06 0.31 0.24 1.72 3.28 118.02
HB 32 355.6 19.76 39.9 8.11 71.4 105.6
HB 38 349.8 18.75 39.4 8.09 70.3 62.0
HB 40 355.3 18.80 40.0 8.20 71.1 89.8
HB 45 314.3 17.15 35.7 7.42 64.1 72.4
HB 53 372.9 18.82 42.1 8.01 70.1 62.3
HB 54 335.5 18.02 38.0 7.92 68.9 77.9
HB PALM 326.7 17.50 36.7 7.68 66.3 65.7
LTB 73 416.2 24.50 47.1 9.43 86.4 53.1
LTB 80 410.5 23.50 46.3 9.23 82.8 55.9
LTB 93 453.8 26.22 51.0 10.00 90.5 47.0
MTB 47 363.1 18.19 41.2 8.40 71.1 73.2
MTB 53 372.9 18.90 42.1 8.50 72.3 57.7
MTB 58 331.5 16.58 37.5 7.98 66.5 113.8
MTB 63 382.2 19.61 42.9 8.74 74.4 61.3
MTB 64 372.2 19.55 41.9 8.55 75.4 63.1
OTB 4 301.6 15.22 33.9 7.15 58.6 85.8
OTB 8 291.8 15.01 32.8 7.05 57.9 102.3
OTB 14 310.8 16.75 34.7 7.38 62.5 97.7
OTB 17 211.1 11.23 23.9 5.97 44.4 126.1
OTB 18 295.2 16.03 33.1 7.06 59.6 79.4
OTB 19 309.4 16.37 34.7 7.23 61.6 78.0
OTB 20 317.8 16.82 35.8 7.46 64.1 84.0
HBR 1 0.12 0.093 0.140 1.668 1.76 42.8
HBR 2 0.42 0.239 0.235 1.162 1.29 40.1
HBR 3 0.00 0.156 0.161 1.556 3.68 32.8
HBR 4 0.04 0.123 0.155 1.276 2.82 44.0
HBR 5 0.00 0.133 0.158 1.376 3.16 172.8
HBR 6 0.08 0.158 0.175 1.575 4.40 78.8
HBR 7 0.00 0.082 0.151 1.274 2.86 45.6
HBR 8 0.05 0.113 0.151 1.382 3.11 46.2
HBR 9 0.00 0.087 0.155 1.372 3.25 51.2
HBR 10 0.04 0.104 0.155 1.371 3.12 44.9
HBR 11 48.7 2.75 5.5 4.34 27.7 180.3
HBR 12 82.5 4.66 9.4 4.60 32.0 151.7
HBR 13 174.3 9.09 19.5 5.85 44.1 138.0
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Table 15: Vanadium, molybdenum, manganese, nickel, antimony and uranium average concen-
trations.
Site ID Vanadium Molybdenum Manganese Nickel Antimony Uranium
nMol/L nMol/L nMol/L nMol/L nMol/L nMol/L
BBH 40 54.9 54 5.6 1.4 7.73
HB 27 43 77.2 17 14.8 1.5 10.06
HB 28 Sub 44 81.6 24 9.2 1.3 10.40
(HB 30 A) 22 10.4 193 13 1.0 5.28
HB 32 44 77.7 29 9.3 1.2 10.20
HB 38 45 77.4 12 11.1 1.3 10.30
HB 40 47 78.5 45 9.5 1.4 10.65
HB 45 51 76.2 63 9.5 1.1 9.81
HB 53 46 78.0 33 6.8 1.2 10.19
HB 54 50 77.8 52 16.0 1.3 10.39
HB PALM 47 79.7 113 10.5 1.4 9.49
LTB 73 38 24.50 9 6.7 1.1 11.66
LTB 80 40 23.50 12 12.6 1.1 11.14
LTB 93 33 26.22 15 14.6 1.2 12.53
MTB 47 41 18.19 0 4.7 1.2 10.49
MTB 53 42 18.90 3 3.9 1.2 10.50
MTB 58 47 16.58 10 9.7 1.4 13.64
MTB 63 41 19.61 5 5.6 1.1 10.79
MTB 64 42 19.55 10 4.1 1.2 10.97
OTB 4 49 15.22 14 6.9 1.3 9.80
OTB 8 38 15.01 62 7.3 1.2 8.81
OTB 14 43 16.75 28 7.0 1.2 9.08
OTB 17 43 11.23 118 6.5 1.4 9.04
OTB 18 47 16.03 22 10.6 1.3 9.12
OTB 19 44 16.37 30 6.5 1.1 8.89
OTB 20 42 16.82 13 6.2 1.1 9.08
HBR 1 41 0.093 211 5.7 0.62 15.57
HBR 2 23 0.239 121 9.1 0.67 0.92
HBR 3 55 0.156 50 3.5 0.36 4.38
HBR 4 40 0.123 103 7.8 0.31 2.50
HBR 5 45 0.133 135 10.9 0.54 3.68
HBR 6 36 0.158 255 13.0 0.04 3.09
HBR 7 28 0.082 130 4.0 0.38 2.42
HBR 8 28 0.113 208 4.4 0.00 2.32
HBR 9 28 0.087 226 5.1 0.55 2.46
HBR 10 27 0.104 103 6.7 0.09 2.24
HBR 11 50 2.75 279 7.9 0.24 7.28
HBR 12 48 4.66 278 7.7 0.41 6.54
HBR 13 48 9.09 226 12.0 0.98 8.12
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Appendix D. Salinity Calculation
As stated in the results and discussion section, the measurements of salinity displayed by the YSI sonde 
deviated substantially from the behavior expected in a natural system. Due the the extreme conservativity 
of the ratio of sodium to magnesium (R2= 1.000) and high precision of measurment provided by inductively-
coupled mass spectroscopy, sodium was used as a proxy. Calculations describing the salinity model used are 
provided below.
(Na+)=Sodium concentration in moles/L
[Na+}= Sodium concentration in moles/Kg
D=density in Kg/L
(Na+)/D = (moles/L)=(L/Kg) = moles/Kg = [Na+]
[Na+]=(Na+)/D
Assume that (Na+) measurement were made at 20ºC.
D (20ºC, S=35 seawater) = 1024763 Kg/L (UNESCO, 1976)
D (20ºC, pure water) = 0.998206 Kg/L (Unesco 1976)
At S=35 [Na+]0.46896.
[Na+]= (       )S0.4689635
[Na+]= (       )Na+D
S= [Na+] (       )350.46896 = [Na+] (D) (       )350.46896
D= 0.998206 Kg/L + RxS
S=                                                               X (       )350.46896(                 )[Na
+]
0.9982+(7.5886x10-4)S
D= 0.998206 Kg/L + R(35)
(                  )(1.02476-0.9982 )Kg/L35 = R =7.5886x10-4
D=0.9982 + (7.5886x10-4)S Kg/L
If solved iteratively beginning with S=35. The value quickly converges.
S= 34.15423859
S= 34.17564048
S= 34.17509857
S= 34.17511229
S= 34.17511195
S= 34.17511196
S= 34.17511196
This results in a slope=72.874 [Na+] (Mol/L)= 0.072874 [Na+] (mMol/L).
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Figure 51: Salinity as measured by YSI salinometer versus sodium concentration in Tampa bay and the Lower 
Hillsborough River. Salinity model line plotted as reference.
Figure 41 demonstrates the irregularity of YSI-measured salinity values with respect to sodium concen-
trations. A linear regression of these points demonstrates reasonable linearity (R2=0.907). The slope is 67.2 
± 3.0 [Na+] (mMol/L). This is 7% below the expected value. Additionally, the slope of the regression (3.172 ±  
0.969) does not meet the origin. 
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Appendix E. Carbon System Measurements and R-Values.
 
Table 16: Dissolved inorganic carbon (DIC), total alkalinity (TA), TA R-Values, pH and 
pH R values in Tampa Bay.
Site ID DIC TA TA R Value pH pH R Value
µMol/L µMol/L µMol/L (Total) (Total)
BBH A 2587 2727 0.132643043 7.736 1.102887627
BBH B 2621 2709 0.179637082 7.74 1.110419764
HB 27 A 2255 2476 0.17266501 7.926 1.612605982
HB 27 B 2255 2462 0.149987923 7.929 1.621745053
HB 28 Sub A 2258 2438 0.155490958 7.864 1.449177435
HB 28 Sub B 2247 2456 0.179592031 7.861 1.438973456
(HB 30 A) 3338 3174 0.18928515 7.476 0.457922734
(HB 30 B) 3333 3185 1.896586671 7.477 0.459202628
HB 32 A 2276 2504 0.078707542 7.922 1.628434076
HB 32 B 2260 2482 0.171325984 7.923 1.631956707
HB 38 A 1.673553989
HB 38 B 1.701387817
HB 40 A 2215 2459 0.140834837 7.981 1.839893325
HB 40 B 2245 7.991 1.879229315
HB 45 A 2314 2484 0.175562751 7.849 1.389480311
HB 45 B 2279 2459 0.171360304 7.84 1.362625439
HB 53 A 2239 2448 0.157092734 7.923 1.634489376
HB 53 B 2268 2447 0.243888307 7.921 1.626443215
HB 54 A 2127 2426 0.073107689 8.187 2.75825692
HB 54 B 2113 2475 0.287456353 8.17 2.664521286
HB PALM A 2295 2489 0.204052514 7.894 1.515193251
HB PALM B 2308 7.894 1.51519
LTB 73 A 2232 2445 0.155254422 1.7572
LTB 73 B 2204 2440 0.138906712 1.75
LTB 80 A 2175 2465 0.201926961 8.024 2.0612
LTB 80 B 2179 8.028 2.0751
LTB 93 A 2222 2621 0.158337407 8.187 2.8622
LTB 93 B 2278 2502 0.183525449 8.175 2.8002
MTB 47 A 2252 2443 0.197241186 7.904 1.583032326
MTB 47 B 2253 0.178621909 7.897 1.559353843
MTB 53 A 2225 2454 0.172601202 7.928 1.67034788
MTB 53 B 7.929 1.674103345
MTB 58 A 2467 2600 0.191088583 7.745 1.112004012
MTB 58 B 7.815 1.290201798
MTB 63 A 2230 2461 0.155715383 7.943 1.727810021
MTB 63 B 2233 2468 0.120357485 7.943 1.726587217
MTB 64 A 2213 2445 0.181304224 7.953 1.755170603
MTB 64 B 2229 2438 0.160728539 7.762 1.175578414
OTB 4 A 2292 2413 0.158919288 7.919 1.577216578
OTB 4 B 2275 7.917 1.571675553
OTB 8 A 2270 2459 0.136764969 7.982 1.758924014
OTB 8 B 2248 2427 0.150622337 7.986 1.774009712
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Table 16: (Continued)
Site ID DIC TA TA R Value pH pH R Value
µMol/L µMol/L µMol/L (Total) (Total)
OTB 14 A 2281 7.937 1.648087132
OTB 14 B 2254 7.936 1.645132656
OTB 17 A 3175 7.608 0.767564361
OTB 17 B 3177 2508 0.177789215 7.602 0.758958223
OTB 18 A 2309 2493 0.208110858 7.951 1.676299648
OTB 18 B 2308 7.949 1.671292232
OTB 19 A 2215 8.036 2.014899809
OTB 19 B 8.026 1.975264388
OTB 20 A 2241 2452 0.319160063 7.98 1.807054661
OTB 20 B 2249 2436 0.185015217 7.978 1.800841389
Table 17: Dissolved inorganic carbon (DIC), total alkalinity (TA), TA R-Values, pH and 
pH R values in the Hillsborough River.
Site ID DIC TA TA R Value pH pH R Value
µMol/L µMol/L µMol/L (Total) (Total)
HBR 1 A 3715 3453 0.303867413 7.31 0.317803875
HBR 1 B 3652 7.315 0.321408878
HBR 2 A 2900 2629 0.191073634 7.28 0.298204667
HBR 2 B 2915 2626 0.55065435 7.284 0.300562991
HBR 3 A 3222 3246 0.269642453 7.553 0.540143225
HBR 3 B 3377 3274 0.215178331 7.556 0.543704124
HBR 4 A 2949 2659 0.117171682 7.265 0.288220204
HBR 4 B 2950 2697 0.158408881 7.273 0.293454215
HBR 5 A 3144 2986 0.257307212 7.365 0.358814795
HBR 5 B 3165 2944 0.126646926 7.365 0.358724752
HBR 6 A 3468 3128 0.195324305 7.117 0.209825071
HBR 6 B 3426 3124 0.238187192 7.118 0.210208275
HBR 7 A 3154 2720 0.201359742 7.000 0.163510081
HBR 7 B 3122 2721 0.192100175 7.03 0.174208341
HBR 8 A 3195 2733 0.323186361 6.94 0.144374403
HBR 8 B 3228 2751 0.184206503 6.949 0.147155252
HBR 9 A 3194 2808 0.762737276 6.989 0.160092783
HBR 9 B 3149 2724 0.307410628 6.977 0.156101651
HBR 10 A 3000 2670 0.116517623 7.286 0.301864974
HBR 10 B 3025 7.287 0.302900142
HBR 11 A 3427 7.309 0.342341997
HBR 11 B 3477 7.311 0.343840011
HBR 12 A 3155 3190 0.326315238 7.46 0.495125591
HBR 12 B 3378 7.456 0.491510536
HBR 13 A 2855 2852 0.246092352 7.563 0.713509533
HBR 13 B 2837 0.4 0.189915931 7.556 0.703487283
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Appendix F. Solubility of Barium
Barium did not reach high enough concentrations at any point in the Hillsborough River System or Tampa 
Bay to enable precipitation. Following are calculations demonstrating Barite solubility modelling.
Kºsp = 10
-9.96 = aBa2+aSO42-
[Ba2+]T = 10
-9.96 (ΥT(Ba
2+) ΥT(SO4
2-))-1[SO4
2-]-1
Assume[SO4
2-]T= 0.0282 (S=35)
Table 18: Barium Solubility Concentrations.
Salinity (S) (ΥT(Ba
2+) ΥT(SO4
2-))-1 [SO4
2-]-1 [Ba2+]T
5 10.05 248.23 2.735x10-7
10 17.87 124.11 2.43x10-7
15 25.97 82.74 2.35x10-7
20 34.11 62.06 2.32x10-7
25 42.67 49.65 2.32x10-7
30 51.35 41.37 2.32x10-7
35 59.72 35.46 2.32x10-7
40 68.89 31.03 2.35x10-7
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Appendix G. Permissions
All copied images derive from federal public documents with the exception of the Figures 6 and 7. Permis-
sion request emails reproduced below. 
Figure 6: Tampa Bay Land Use Coverage Map (Moreno Madriñán et al., 2012). A) 1996, B) 2001 and C)2006.
Wed, Nov 5, 2014 at 10:34 AM
Matthew Elliott <melliot2@mail.usf.edu> 
To: max.j.moreno madrinan@nasa.gov, mohammad.alhamdan@nasa.gov, douglas.l.rickman@nasa.gov, jun.
ye@sdstate.edu
Hi,
I’m a graduate student at the University of South Florida College of Marine Science. I would like to use “Figure 
2: Distribution of land classes, from C CAP...” from your 2012 paper in Water, Air and Soil Pollution Relationship 
Between Watershed Land Cover/Land Use Change and Water Turbidity Status of Tampa Bay Major Tributaries, 
Florida, USA in the Introduction of my Masters Thesis. May I have your permission to use it?
Thank You,
M. Matthias Elliott
Wed, Nov 5, 2014 at 12:41 PM
Rickman, Douglas L. (MSFC ZP11) <doug.rickman@nasa.gov> 
To: Matthew Elliott <melliot2@mail.usf.edu>
Cc: “max.j.moreno madrinan@nasa.gov” <max.j.moreno madrinan@nasa.gov>, “Alhamdan, Mohammad Z. 
(MSFC)[]” <mohammad.alhamdan@nasa.gov>, “jun.ye@sdstate.edu” <jun.ye@sdstate.edu>
Certainly.
‐‐
Doug Rickman
Earth Science Office MSFC/NASA 320 Sparkman Drive
Huntsville, Alabama 35805 256‐961‐7889
Wed, Nov 5 2014 1:50 PM
Moreno Madrinan, Max Jacobo <mmorenom@iu.edu>
To: “Rickman, Douglas L. (MSFC ZP11)” <doug.rickman@nasa.gov>, Matthew Elliott <melliot2@mail.usf.edu>
Sure you can use it Matthew.
By the way, I graduated from USF as well (Environmental Health) and conducted some work with Dr. Frank 
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Muller‐Karger.
Cheers,
Thanks Dr. Rickman. 
Max Moreno
Figure 7: Example of tidal cycle through first week of sample period (Modified from: Flater, 2014). Low tide, 
moonrise and moonset times displayed.  
Figure modified from the original image generated by the University of South Florida Tide Predictor (http://
tbone.biol.sc.edu/tide/)
Wed, Nov 5, 2014 at 12:48 PM
Matthew Elliott <melliot2@mail.usf.edu>
To: wethey@biol.sc.edu
Hi,
I’d like to use a graphic generated by your tide` predictor in the introduction of my masters thesis. May I have 
permission to use it?
Thank you,
Matthias
Wed, Nov 5, 2014 at 1:17 PM
David S Wethey <dswethey@gmail.com> Reply To: wethey@biol.sc.edu
To: Matthew Elliott <melliot2@mail.usf.edu>
Go for it.
Alternatively, if you would prefer to to so, you can also get a table of the tide levels vs time from the 
predictor, and make your own graph.
David Wethey
On Wed, Nov 5, 2014 at 5:48 PM, Matthew Elliott <melliot2@mail.usf.edu> wrote: > Hi,
> I’d like to use a graphic generated by your tide predictor in the
> introduction of my masters thesis. May I have permission to use it?
> Thank you, > Matthias
